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Abstract  
Following repeated exposure to vestibular stimulation, the vestibular response as measured 
by the vestibular-ocular reflex and perception of self-motion is reduced. Similarly, prolonged 
viewing of a visual motion stimulus results in a reduced sensitivity to the adapting motion 
stimulus. These phenomena of visual-vestibular desensitisation are utilised as part of 
treatment of patients with peripheral or central vestibular disorders. Patients typically 
receive vestibular rehabilitation therapy, which involves exposure to repeated visual and/or 
vestibular stimulation. Whilst the effects of vestibular rehabilitation at the behavioural level 
have been widely studied, the neural mechanism of how it works is unclear. In this thesis, 
asymptomatic subjects were recruited to investigate the neural mechanisms underlying 
visual and vestibular desensitisation. 
In the first study, the effect of long term vestibular training was investigated on the 
vestibular psychophysical measures and on the structure of the brain. To this aim, a group 
of high level dancers and a group of non-dancers were recruited with both groups 
undergoing a battery of vestibular tests and neuroimaging brain scans. Compared to 
controls, dancers showed a significant reduction in both vestibular ocularmotor response 
and perception of self-motion. Moreover, in controls a significant correlation was found 
between ocularmotor and perceptual measures, which was absent in dancers. This 
uncoupling of the vestibular measures was also seen at the neuroanatomical level in the 
locus of the vestibular-cerebellum, as revealed by voxel based morphometry (VBM) analysis 
of the dancers’ brain grey matter. Using diffusion tensor imaging (DTI), a widespread cortical 
white matter (WM) network was found to correlate with vestibular perception in the 
control group only. The findings suggest that in dancers, a cerebellar gating of perceptual 
signals to cortical regions takes place that may mediate the training-related resistance to 
vertigo.   
The second study of the thesis looked at the effect of a single prolonged exposure to 
unilateral visual motion stimulus in healthy untrained subjects. This involved using 
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transcranial magnetic stimulation (TMS) induced phosphenes to assess early visual cortical 
excitability. Following visual motion adaptation, excitability of visual cortex (V1) was 
significantly reduced when viewing motion in the adapted direction and significantly 
increased when viewing motion in the non-adapted direction. This suggests that reciprocal 
inhibition takes place between oppositely tuned directionally selective neurones in V1 to 
facilitate motion perception. The visual cortical excitability returned to its prior-adaptation 
state after five minutes suggesting that a single exposure to visual motion stimulus is not 
sufficient to cause a long-term adaptive effect.  
The final study of the thesis investigated potential neural mechanisms involved in 
suppressing visual symptom of oscillopsia (perception of the world oscillating/moving), a 
potentially distressing condition that occurs in some vestibular and ocularmotor disorders. 
The study recruited participants with nystagmus and they were divided into two groups 
according to their experience of oscillopsia: symptomatic (with oscillopsia) and 
asymptomatic (no oscillopsia). TMS induced phosphenes were used to assess (1) whether 
visual cortical spatial updating takes place according to the eye position and (2) whether 
modulation of visual cortical excitability takes place during nystagmus. In the asymptomatic 
group only, evidence for both visual cortical updating and modulation of visual cortical 
excitability was found, which was absent in the symptomatic group. The findings suggest 
that spatial updating of eye position and changes in visual cortical excitability are implicated 
in the suppression of oscillopsia.  
In particular, the work presented in the thesis provides neuroanatomical imaging basis for 
vestibular adaptation and provides evidence for a direct cortical involvement in visual 
motion adaptation.  Both of these mechanisms are likely to be involved in the clinical 
recovery process of patients with vestibular and ocularmotor disorders.  Greater 
understanding of the neural mechanisms involved in long lasting visual-vestibular 
desensitisation will bring us closer to developing personalised treatments that are more 
effective in improving symptoms of patients with visuo-vestibular disorders. 
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Chapter 1: Introduction 
Illusions of movement (vertigo), dizziness and unsteadiness are one of the most common 
symptoms encountered in general medical practice, which can be debilitating for the 
individuals. The symptoms can result from either the peripheral or central vestibular 
disorders. Peripheral vestibular disorders are caused by the dysfunction of the balance 
organs of the inner ear (e.g. vestibular neuritis, benign paroxysmal positional vertigo, 
Meniere’s disease) whereas in the central vestibular disorders, vertigo is a secondary 
symptom of central pathology (e.g. vestibular migraine, multiple sclerosis). Sometimes 
patients with vestibular disorders experience worsening or triggering of their symptoms in 
certain busy visual environment such as traffic, crowds and supermarkets in what is 
commonly termed as “visual vertigo” (Bronstein, 2004). Other patients can report an illusion 
of movement or oscillation of their visual surrounding, termed oscillopsia, during head 
movements. These cases highlight the prominent interaction of visual and vestibular 
systems, which can result in detrimental effects in pathological conditions.  
The function of the vestibular system can be modulated short term by the visual input (e.g. 
fixation on a target) and also long term by exposing a person to repeated visual and/or 
vestibular stimulation. Such repeated long term exposure results in a reduction in a 
vestibular response. Moreover, a person can also undergo visual desensitisation when 
exposed to a repeated visual motion stimulus. Hence, the sensitivity to the vestibular and 
visual stimuli can be modified using repeated stimulation paradigms and such approaches 
are widely utilised as part of vestibular rehabilitation for the treatment of patients with 
vestibular disorders.  The rehabilitation treatment is often customised to each patient to 
alleviate particular symptoms. For example, patients who experience visual vertigo are 
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offered vestibular rehabilitation that combines repeated and/or gradual exposure to both 
vestibular and visual stimuli to reduce dizziness and desensitize to visual motion respectively 
(Black and Pesznecker, 2003; Pavlou et al., 2004; Vitte et al., 1994). Apart from vestibular 
rehabilitation, treatment of vestibular disorders includes medication (namely vestibular 
suppressants) that is often used short-term to relieve vertigo and nausea, and long term as 
in the case of oscillopsia treatment (Brandt, 2000). Although the vestibular treatments used 
have long been established and in many cases prove to be effective, the neural mechanisms 
of how they work are unclear. Due to this lack of understanding, it is unknown how a 
patient will respond to the treatment and how beneficial it will be. Often the treatments 
need to be modified a number of times, which results in repeated visits to the doctor or 
therapist and a slower recovery. It is difficult to investigate the neural mechanisms of 
treatments in patients since every patient’s case is complex with the variable extent of 
dysfunction, symptoms and recovery. Hence, in this thesis, the effects of repeated exposure 
to vestibular and visual stimulation are investigated in healthy, asymptomatic subject 
groups. This knowledge will potentially bring us closer to developing personalised 
treatments that are more effective and that are specific to a patient’s needs.  
The introduction below is a general overview of the vestibular system and its functions. The 
functional importance of the interaction between visual and vestibular systems is then 
outlined and how this interaction can have unfavourable effects in vestibular disorders 
causing additional symptoms. The treatments of the vestibular disorders are also discussed.    
1.1 Peripheral vestibular system 
The peripheral vestibular system is composed of large interconnected chambers and 
together with the cochlea (a part of auditory system) it constitutes the labyrinth of the inner 
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ear. It consists of two components: three semicircular canals and the otolith organs (the 
utricle and saccule) (Fig. 1.1). The semicircular canals and the otoliths can be thought of as 
head motion detectors with the canals detecting angular acceleration, whilst the otoliths 
detect linear acceleration and gravity.  
 
 
 
 
 
 
Figure 1.1 Peripheral vestibular system consisting of semicircular canals and otolith organs(image 
adapted from www.weboflife.ksc.nasa.gov)   
 
The three semicircular canals in each labyrinth are positioned in the horizontal, anterior and 
posterior planes. The canals are oriented at approximately 90o to each other such that they 
are able to detect angular accelerations of the head in almost any plane and direction. As an 
overview: 
 The horizontal canals detect horizontal head movement 
 Anterior and posterior canals detect diagonal or oblique head rotations 
 Sagittal movements (head down) stimulates anterior canals and inhibits posterior 
canals 
 Roll head movements such as left ear down to the left shoulder, activates both 
anterior and posterior on the left side and inhibits both anterior and posterior on 
the right side.    
To understand the mechanistic action of the semicircular canals, anatomical structure needs 
to be understood [N.B for further details on the structure and neurophysiology of the 
15 
 
vestibular system, see Goldberg et al 2012). Each canal is filled with potassium rich fluid 
called endolymph and contains sensory hair cells embedded in a gelatinous structure called 
the cupula. During head movements, the endolymph fluid moves in different sections of the 
canals and bends the gelatinous mass of the cupula causing deflection of the sensory hair 
cells. This activation of the hair cells by the movement of the fluid generates bioelectrical 
activity in the form of action potentials, which subsequently travels down the vestibular 
nerve. The direction of the deflection of the hair cells affects their firing rate so that the 
activity can be bidirectional modulated (increased or decreased). Semicircular canals in the 
right and left inner ear work in pairs in a push-pull arrangement. A left horizontal head 
movement will increase the firing rate from the left horizontal canal but decrease the firing 
rate from the right horizontal canal.  
Otolith organs are primarily concerned with the detection of linear accelerations of the head 
and relative changes of head position with respect to the gravity vector. The saccule and the 
utricle contain gelatinous membrane that is covered with calcium carbonate crystals. The 
cilia of the sensory hair cells are found beneath the membrane. When the head accelerates 
the weight of the heavy membrane causes deflection of the hair cells, which generate 
bioelectrical activity and send action potentials down the vestibular nerve. The utricle is 
orientated horizontally making it sensitive to linear accelerations in the horizontal plane, 
whereas, the saccule is orientated vertically and provides information about vertical 
acceleration.  
The structural alignment and arrangement of the canals and otolith organs in the inner ear 
allows our vestibular system to detect and code for any complex head movements we may 
make. One of the main functions of the peripheral vestibular system is to transduce the 
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physical acceleration of the head into a biological signal to maintain eye position and 
stabilise image on the retina by initiating compensatory eye movements, termed the 
vestibular-ocular reflex (VOR). At its simplest, the VOR is a 3-neuron arc consisting of the 
Scarpa’s ganglion (of vestibular nerve), vestibular nuclei and ocularmotor nuclei. For 
example, the movement of the head to the right results in activation of the right inner ear 
canals and inhibition of the left inner ear canals. The excitatory and inhibitory signals are 
transmitted from the periphery to the vestibular nuclei in the brainstem via the vestibular 
(eighth cranial) nerve. From there, fibers cross the midline to the contralateral abducens 
nucleus. One pathway projects directly to the eye muscle (lateral rectus) whereas the 
second pathway crosses the midline to the contralateral ocularmotor nuclei that drive the 
activity of medial rectus (eye muscle). Thus, the efferent signals from abducens nuclei and 
ocularmotor nuclei cause contraction and relaxation of the appropriate ocular muscles 
resulting in the eyes moving to the left and compensating for the head motion to the right. 
The gain of the VOR (eye velocity/head velocity) for horizontal head movements in healthy 
individuals is close to 1 and the latency of the VOR pathway is only around 20ms (Collewijn 
and Smeets, 2000; Johnston and Sharpe, 1994; Bronstein and Gresty, 1988) allowing rapid 
and accurate stabilisation of gaze without any blurring of vision during head movements 
(Fig. 1.2).  
The vestibular system also serves vestibular-spinal reflexes that are important for 
maintaining posture during body sway (Allum and Pfaltz, 1985) (Fig. 1.2). Apart from 
reflexes, the vestibular system has higher order functions such as perception of self-motion 
and spatial orientation (Fig. 1.2), which are thought to involve higher-lever cortical 
structures (Cullen, 2012). The central processing of vestibular signals is a widely researched 
and debated area of the vestibular field.     
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Figure 1.2 Main functions of the vestibular system. Vestibular signals from semicircular canals are 
transferred to vestibular nuclei (VN). From VN, the signals can be transmitted (1) to nucleus 
abducens and then to ocularmotor nucleus to produce VOR (2) to the spinal cord to produce 
vestibular-spinal reflexes to stabilise posture (3) to higher brain centres to provide information on 
self-motion perception and spatial orientation.     
1.2 Central vestibular processing 
As mentioned above the vestibular nerve projects to the vestibular nuclei in the brainstem 
(Brodal, 1974; Gernandt and Thulin, 1952). From here, as well as projections to the 
ocularmotor nuclei and spinal cord, the signals are also carried to the cerebellum and to 
cortical structures via the thalamus (Brodal, 1974; Carleton and Carpenter, 1984a; 
Fredrickson et al., 1966; Deecke et al., 1974; Buttner and Henn, 1976; Dieterich et al., 2005).  
1.2.1 Brainstem velocity storage and Cerebellum  
When a person is rotated on a motorised chair at constant velocity in the dark in the yaw 
plane, the sudden acceleration at the beginning of the rotation (termed velocity step, 
Barany 1907) induces a VOR response as characterised by the onset of vestibular 
nystagmus. Nystagmus is complex eye movement which consists of two components: a slow 
compensatory phases termed as pursuit component (in the opposite direction of rotation) 
alternating with fast phases (saccadic component). The velocity of the slow phases (SPV) of 
nystagmus quickly reaches a peak after the onset of the rotation and decreases 
exponentially down to zero as the rotation is continued at a constant angular velocity in the 
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dark (Fig. 1.3). This is because, as described above, the horizontal semicircular canals can 
detect only accelerations (change of velocity) but not constant velocities. When the chair 
stops, the acceleration generated is in the opposite direction resulting in the post-rotational 
nystagmus, which is equal in magnitude but opposite in direction to the nystagmus 
observed at the start of rotation. The eye response can be quantified by assessing the gain 
(the ratio between maximum slow phase eye velocity and head angular velocity) and the 
time constant (TC) of the exponential decay of the VOR (Robinson, 1981). The TC is roughly 
equivalent to the time taken for the slow-phase eye velocity to decrease by 63.2% from an 
initial value (Fig. 1.3). In a healthy individual, the per- (at the start of rotation) and the post-
rotational VOR responses have similar gain and TCs, which indicates that semicircular canals 
in the left and right inner ears are functioning normally and cooperatively.  
 
 
 
 
 
 
Figure 1.3 Vestibular activation following a velocity step. Velocity step to the right provides 
rightward acceleration that causes vestibular nystagmus with leftward slow phase. The slow phase 
eye velocity (SPV) reaches a peak just after the onset of the rotation and declines exponentially to 
baseline (in red) where SPV=0. Time constant (TC) of VOR decay can be elucidated by measuring the 
time taken for SPV to drop to 36.8% of its original value. The ocularmotor response to leftward 
acceleration is equal in amplitude but opposite in direction (i.e.  rightward slow phase). 
  
In man, ocularmotor VOR response has been shown to decay on average with TC of around 
16s (Cohen et al., 1981; Okada et al., 1999). However, it has been shown that the neuronal 
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activity in vestibular nerve decays exponentially with TC of only 3-7s in monkeys (Dai et al., 
1999; Buttner and Waespe, 1981; Blanks et al., 1975; Gizzi and Harper, 2003). This 
phenomenon of prolongation of the raw vestibular signal is termed the velocity storage 
mechanism and thought to be mediated by the brainstem circuits in the vicinity of the 
vestibular nuclei (Leigh and Zee, 2006; (Raphan et al., 1979; Buettner et al., 1978). Velocity 
storage mechanism is present in order to improve the ability of the VOR to transduce low 
frequency components of head rotations (i.e. below 0.1 Hz) (Robinson 1977; (Raphan et al., 
1979) and it is thought to contribute to the mechanisms of spatial orientation (Angelaki and 
Hess, 1994; Raphan and Cohen, 1988). The prolonged signal is transmitted to the brainstem 
ocular-motor plant to generate a prolonged nystagmus that is observed following the 
velocity steps.  
The signals from the semicircular canals and from the vestibular nuclei are also transmitted 
to the cerebellum, largely to the posterior regions (Barmack, 2003). These regions of the 
cerebellum termed as vestibular cerebellum receive predominantly vestibular input and are 
known to produce backward projections to the vestibular nuclei. The vestibular cerebellum 
consists of a number of areas namely uvula, nodulus and flocculus (Carleton and Carpenter, 
1984b; Barmack, 2003). Moreover, the vestibular cerebellum has an important role in VOR 
adaptation during vestibular dysfunction and in motor learning (Schubert and Zee, 2010). 
VOR gain and TC can be modified using various adaptation paradigms that involve exposure 
to vestibular and/or visual stimulation (Miles and Lisberger, 1981; Miles and Eighmy, 1980; 
Harrison et al., 1986; Jeannerod et al., 1976; Jager and Henn, 1981). For example, exposure 
to repeated rotation on the chair results in habituated (reduced) TC of VOR (Dodge, 1923); 
for review Collins 1973). Removal of nodulus and uvula in monkeys reverses this habituation 
and lengthens the VOR response (Waespe et al., 1985; Cohen et al., 1992), whilst electrical 
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stimulation of these areas results in shortening of the VOR (Solomon and Cohen, 1994).  The 
ability to adapt the gain of the VOR is lost after removal of flocculus but not the nodulus 
(Cohen et al., 1992; Lisberger et al., 1984). Thus, the vestibular cerebellum is known to 
modulate the VOR and further, different areas are responsible in modifying the different 
elements of its dynamic response. 
1.2.2 Vestibular cortex 
The vestibular signals from the brainstem are transmitted to the cerebral cortex where it is 
still unclear how and where the vestibular information is processed. There appears to be no 
primary vestibular cortex – a distinct area that receives exclusively vestibular signals (Guldin 
and Grusser, 1998). This is in contrast to other senses such as vision and hearing which have 
their separate primary visual and auditory cortex respectively. Animal studies employing 
tracer injections and neuron recordings have identified a number of multisensory areas in 
the cortex, including a core region now termed the parietal insular vestibular cortex (PIVC), 
that receive vestibular input (Grusser et al., 1990; Guldin et al., 1992; Faugier-Grimaud and 
Ventre, 1989; Schwarz and Fredrickson, 1971; Akbarian et al., 1988).  
Although the animal data yielded a detailed map of areas involved in cortical vestibular 
processing, it has proved to be difficult to translate the findings directly onto the human 
brain. However, homologous regions have been since been postulated (Fig. 1.4) using 
various approaches including direct electrical intraoperative stimulation of the cortex during 
brain surgery (PENFIELD, 1957; Kahane et al., 2003a), clinical investigations of patients with 
cortical lesions (Brandt et al., 1994; Brandt et al., 1995; Cereda et al., 2002) and brain 
imaging techniques (positron emission tomography (PET) and functional magnetic 
resonance imaging (fMRI) (Bottini et al., 1994; Fasold et al., 2002; Bense et al., 2001; Suzuki 
21 
 
et al., 2001; Lobel et al., 1999; Dieterich et al., 2003; Deutschländer et al., 2002). These 
studies showed an involvement of parietal, temporal, occipital and frontal cortical regions 
where visual, vestibular and somato-sensory inputs are combined. However, the above 
human studies suggest a core region of vestibular processing in humans appears to lie at the 
temporo-parietal junction with possible involvement of the posterior insular cortex, which is 
thought to closely correspond to monkey PIVC (Fig. 1.4). Hence, both animal and human 
data suggest an involvement of widespread cortical areas, with a suggested core region in 
the parietal cortex, to process and integrate the vestibular information with other sensory 
information. During integration, the cortical system weights each sensory cue in proportion 
to its reliability (inverse variance) in different environmental situations in order to produce 
context dependent appropriate responses (Fetsch et al., 2009; Prsa et al., 2012). Cortical 
processing of vestibular information as part of multisensory integration allows the vestibular 
system to serve various high level functions including self-motion perception and spatial 
orientation. 
 
 
 
 
 
 
 
 
 
 
Figure 1.4 Areas of vestibular 
processing in a monkey brain (top) 
and the postulated homologues in a 
human brain (bottom). Parieto-
insular vestibular cortex (PIVC) is 
thought to represent the core 
vestibular region in both species 
with more than 50% of the neurons 
in this region vestibularly driven 
(diagram adapted from (Brandt et 
al., 1994). 
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1.3 Visual cortical processing 
Visual and vestibular systems share overlapping physiological functions that include gaze 
stabilisation, posture maintenance and self-motion perception. The details of visual 
processing are beyond the scope of this thesis and instead key points that are of relevance 
to the theme of this thesis are highlighted (Grill-Spector and Malach, 2004). The visual 
information from the retina is transmitted along the visual system through multiple cortical 
areas by retaining a specific topographic (spatial) relationship of the retina. This means that 
neighbouring positions in the visual field are represented by adjacent groups of neurons 
within the cortical grey matter, which creates a retinotopic map of the visual space. Such 
retinotopic mapping is found from early to late stages of visual processing. At the early 
stages, the lateral geniculate nucleus (LGN) of the thalamus receives visuals signals from the 
retina, and relays them to the primary visual cortical area termed V1. If you feel the back of 
the head, there is a prominent bump in the midline of the skull (i.e. inion), the cortical area 
underneath this bump corresponds to V1. The neurons in this area respond exclusively to 
visual stimuli and different types are responsible for initial processing of colour, shape/form, 
location or movement. For example, shape/form V1 neurons are selective for the 
orientation of the stimulus, producing a maximum response only to a preferred orientation 
(Hubel and Wiesel, 1974).  
The later stages of visual processing from area V1 to higher visual areas comprises of 
different transmission pathways, which depend on the type of information being 
transmitted. The dorsal stream (also called “where” stream) has been associated with object 
localisation and detecting object motion, whilst the ventral stream (also called “what” 
stream) processes information about object’s colour and form (Mishkin et al., 1983). The 
dorsal stream goes through areas V2, V5 (also called MT) and to posterior parietal cortex. 
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The ventral stream goes through areas V2, V4 to inferior parietal cortex. The delivery of 
visual information to the parietal cortex is critical in its integration with other sensory 
information such as vestibular signals.  
1.4 Visual-vestibular interactions 
As previously mentioned visual and vestibular systems have anatomical convergence in the 
cortex and, in fact, the integration of visual and vestibular signals takes place as early as the 
brainstem level of the vestibular nuclei (Barmack, 2003); Wilson and Melvill Jones, 1979). 
Hence, visual and vestibular systems typically cooperate together during natural behaviour. 
For example, rotating a person in the dark generates VOR with a gain of around 0.6 whereas 
VOR gain in the light is 1. This visual enhancement of VOR is critical in preventing any 
blurring of vision during everyday activities. In some cases vision is vital in suppressing VOR 
during visual-vestibular conflict, for example, when trying to read a book on the bus. 
Moreover visual–vestibular interactions are important in perceiving accurate body motion 
since vestibular organ has a deficiency in discriminating constant velocities. However, 
motion ambiguity situations may arise, for example, when seated on the stationary train 
and watching a train move past on the neighbouring tract creates a strong sensation of self-
motion (i.e. vection). Here, the visual and vestibular motion signals are in conflict and the 
interaction between the two systems, thought to occur via reciprocal inhibition, is essential 
in resolving perception of self-motion from the motion of the surroundings. For example, 
during vestibular stimulation (e.g. via caloric irrigation) the occipital cortex is shown to be 
deactivated, thus suppressing the visual motion input and reducing oscillopsia (Wenzel et 
al., 1996). In contrast, visual motion stimulation with vection deactivated PIVC areas, which 
decreases the vestibular system’s sensitivity to head motion and as a result protects the 
visual perception of self-motion from potential vestibular mismatches (Brandt et al., 1998).   
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This visual-vestibular reciprocal inhibition is thought to allow the dominant sensory weight 
to shift from one modality to another so that the less reliable sensory input is suppressed 
(Brandt et al., 2002). However, this balance between visual and vestibular systems may 
break down as in the case of vestibular disorders causing clinical presentations of both 
vestibular and visual symptoms (see section 1.5). 
Visual-vestibular interaction can also have modulatory effects on the visual-vestibular 
function via sensory adaptation and habituation. The terms adaptation and habituation are 
both often used to describe progressive reduction of a response to repeated sensory 
stimulation. However, the two processes differ in that habituation is associated to the 
specific adapting stimulus so that the responsivity can be reinstated by altering the nature 
of the stimulus. In contrast, adaptation serves to adjust the operating efficiency of the 
sensory system so that the response decrement will not be reinstated by the novel stimuli 
and will only be restored to the original level by allowing appropriate recovery time. 
However, the strength of the effect observed (e.g. reduction in response) depends on the 
similarity of the test stimulus and the adapting stimulus (Kohn, 2007). The incidence of 
visual adaptation and vestibular habituation under specific conditions of visual-vestibular 
interaction has been utilised in the treatment of vestibular disorder patients (see section 
1.6). For example, following repeated exposure to vestibular rotations in yaw, the vestibular 
response is habituated (Guedry Jr et al., 1961; Collins, 1963; Grunfeld et al., 2000; Clement 
et al., 2008; Young and Henn, 1974). Similarly, repeated exposure to visual motion stimuli 
decreases subsequent sensitivity to visual motion (Pavlou et al., 2013).  
1.5 Visual-vestibular interactions in vestibular disorders   
Vestibular disorders may arise as a result of dysfunction of the peripheral organs in the 
inner ears or central abnormalities. Patients with vestibular dysfunction often present with a 
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number of common symptoms including vertigo, dizziness, unsteadiness and nausea. 
Detailed clinical history, clinical bedside examination as well as additional laboratory tests 
help to elucidate the exact diagnosis. Caloric test is most widely used, which involves 
irrigating an ear at a time with cold and/or warm water. The elicited VOR response allows 
validation of the function of the peripheral organs. A detailed electronystagmography (ENG) 
can also be used to probe vestibular function and visual-vestibular interaction by recording 
eye movements in a series of eye-movement and rotation tests. Other tests used include 
vestibular evoked myogenic potential (VEMP) and unilateral centrifugation in order to 
assess otolith function, hearing assessment and brain scans.  
In order to compensate for any loss in vestibular function, vestibular disorder patients 
increase the use of visual information (Zennou-Azogui et al., 1996) to suppress unwanted 
eye movements, partly restore visual stability and posture.  However, the use of visual cues 
can also have a detrimental effect. In some cases, the vertigo or dizziness symptoms are 
worsened or triggered by certain visual scenes or in busy visual environments (e.g. 
supermarket isles, traffic, crowds, moving trains). This phenomenon is commonly referred 
as visual vertigo (Page and Gresty, 1985; Bronstein, 1995). This can occur in patients with 
central (e.g. vestibular migrane) and peripheral dysfunction (e.g bilateral vestibular failure, 
chronic stage of vestibular neuritis). The cause of the onset of visual vertigo is still debated, 
however research suggests that over reliance on visual information (termed visual 
dependency, (Witkin, 1959) in a given patient is an important factor (Guerraz et al., 2001). 
Hence, the increased use of visual cues over vestibular information might cause long-term 
(chronic) alteration of the weighing of sensory inputs resulting in visual vertigo (Peterka, 
2002). 
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Another symptom relating to a visual disturbance that can be experienced by patients with 
vestibular disorders is called oscillopsia. Oscillopsia is a perception of movement/ oscillation 
of the visual world. When oscillopsia occurs depends on the underlying cause of the 
condition, for example oscillopsia during head movements suggests a significant peripheral 
damage to both vestibular organs (i.e. bilateral vestibular failure) when the gaze 
stabilisation mechanism of VOR is absent. Following unilateral peripheral organ damage 
(vestibular neuritis), oscillopsia may also occur at the acute stage of the disorder as a result 
of a pathological nystagmus. Long term nystagmus or involuntary saccadic movements are 
often a result of central lesions and cause lasting debilitating symptoms of oscillopsia for the 
patients.  
1.6 Treatments of visual symptoms in vestibular disorders 
Treatment of visual symptoms such as oscillopsia and visual vertigo primarily involves 
treatment of the underlying vestibular condition. Secondly, the visual-vestibular 
desensitisation is advocated in patients using vestibular rehabilitation therapy, which can be 
generic or individualised to each patient according to the patient’s disorder and symptoms 
(Bronstein, 2013). Individualised physiotherapy regimes have been shown to produce 
greater improvements. As part of habituation exercises, the patients are exposed to 
repeated rotations or head movements in order to desensitise the vestibular system to 
movements that induce patient specific symptoms. Visual vertigo patients may additionally 
receive visual desensitisation exercises to reduce hyper-reactivity to visual motion, which 
involve repeated exposure to disorienting visual stimulation (Pavlou et al., 2004).  
Optokinetic stimulus, such as rotating black-and-white striped drum, that produces 
optokinetic nystagmus (OKN) is commonly used (Vitte et al., 1994; Pavlou et al., 2013). 
Gradual and repeated exposure to such stimuli has been shown to be effective in increasing 
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tolerability to the visual information (desensitisation) and tolerability to situations of visual-
vestibular conflict possibly by stimulating reweighting in the use of visual (decrease use) and 
vestibular (increase use) information. Although vestibular and visual habituation exercises 
are widely used and are often beneficial to the patients, the physiological mechanisms of 
the treatments remain unclear.  
Treatment of visual vertigo by visual desensitising approaches can be highly successful, 
however patients with other visual symptoms namely oscillopsia have little benefit from 
rehabilitation techniques. Most of these patients require medication to partly reduce the 
symptom. The prescribed medication often does not produce significant improvements and 
patients can try a variety of drugs to find the one or a combination that they respond to. 
Most of the drugs given are used for other neurological disorders such as seizures (e.g. 
gabapentin), depression (e.g. clonazepam) and Parkinson’s (e.g. biperiden) (Bronstein, 
2013). The neural mechanisms of action of these drugs on oscillopsia and on nystagmus are 
unknown. 
1.7 Thesis outline 
The general aim of this thesis is to explore potential neural mechanisms underlying visual 
and vestibular desensitisation following repeated visual-vestibular stimulation. Although 
these phenomena of habituation is widely utilised as part of vestibular rehabilitation 
treatments, the effects upon the visual and vestibular systems’ function and their cortical 
processing are unknown. Investigating this in patients is complex since most patients 
undergo multiple exercises as part of rehabilitation therapy hence separating the effect or 
the underlying neural mechanism of a particular treatment is difficult. Moreover, some 
degree of compensation for vestibular dysfunction occurs naturally that will be intertwined 
with neural changes caused by the therapy itself. Therefore, in this thesis, predominantly 
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non-symptomatic healthy participants were used in the vestibular habituation 
(desensitisation) and visual desensitisation paradigms. Chapters 2 and 3 investigate the 
habitual effect of long term exposure to vestibular stimulation on psychophysical measures 
and on brain structure respectively. The effect of visual desensitisation exercise on visual 
cortex excitability, which was directly proved by transcranial magnetic stimulation (TMS), is 
reported in Chapter 4. Subsequently, visual symptom of oscillopsia is discussed in Chapter 5, 
which investigates possible neural mechanisms that may lead to long term adaptation to 
visual motion and oscillopsia suppression.  
 
 
 
 
 
 
 
 
 
 
 
 
29 
 
Chapter 2: Psychophysical characteristics of vestibular training 
Preface 
Vestibular habituation is characterised by the progressive reduction in the intensity of 
vestibular response following repeated exposure to the same vestibular stimulus. This can 
occur naturally in people who are engaged long term in certain physical activities, such as 
ballet dancing, that involve frequent stimulation of vestibular system. In the current study, 
ballet dancers and a group of age and sex matched non-dancers (control group) were 
recruited to investigate the vestibular function using a number of established vestibular tests 
including (1) vestibular threshold test (2) supra-threshold vestibular test (3) VOR suppression 
test. Moreover, the visual dependency and motion sickness were also assessed in both 
groups. Compared to controls, dancers are shown to have reduced ocularmotor and 
perceptual vestibular responses as well as increased VOR suppression and decreased motion 
sickness susceptibility. Such changes must serve the dancers’ ability to perform pirouettes 
with little dizziness. This suggests that long term vestibular training could directly target and 
improve the key detrimental symptoms of a vestibular disorder:- dizziness, visual world 
instability and nausea (motion sickness).        
2.1 Introduction 
Most patients with a vestibular disorder benefit to some degree from a degree of natural 
central nervous system compensation (“vestibular compensation”). In peripheral lesions, 
vestibular compensation results in neuronal changes at the brainstem and cerebellum level, 
which diminishes any vestibular asymmetry caused by the vestibular pathology (Ris and 
Godaux, 1998; Mccabe and Ryu, 1969; Kitahara, Noriaki Takeda, Hiroshi Kiyama, Takeshi 
Kubo, Tadashi, 1998). This resolves any static (no head motion) symptoms of spontaneous 
nystagmus and vertigo. However, poor compensation in some patients results in residual 
static symptoms and/or symptoms provoked by head movements (i.e. dynamic). By utilising 
the plasticity of the vestibular system, the natural vestibular compensation process can be 
accelerated and as a result motion-provoked vertigo can be reduced by habituation 
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exercises as part of vestibular rehabilitation therapy (Strupp et al., 1998; Han et al., 2011; 
Norre and DeWeerdt, 1980). The beneficial effect of training varies depending on the 
underlying vestibular condition. Patients with stable peripheral vestibular lesions (e.g. 
vestibular neuritis) show greatest improvements, however patients with central disorders 
can only benefit to some extent (Han et al., 2011; Cowand et al., 1998). Although often 
counterintuitive to patients, habituation exercises reduce dizziness by repeated exposure to 
head or body movements that provoke vertigo symptoms.  
Habituation is characterised by the progressive reduction in the intensity of response by 
repeating the same stimulus and retention of the reduced response from one exposure of 
the stimulus to the next. Vestibular habituation is often thought as a form of associative 
learning (Dodge, 1923). After repeated exposure of a particular motion stimulus such as a 
fast head turn, the abnormal processing of that stimulus that initially causes vertigo 
symptoms becomes part of normal processing so, in effect, the person is desensitised to 
that particular motion (Monnier et al., 1970; Norre and DeWeerdt, 1980). In other words, 
the person undergoing habituation exercises develops or “learns” mechanisms of vertigo 
suppression. But how does this learned mechanism manifests at the neuronal level and 
what are the behavioural characteristics of it? This Chapter concentrates on the latter 
(behaviour) whilst Chapter 3 investigates the former (neuronal mechanism).   
Vestibular habituation is very specific on the stimulus used and cannot be transferred to 
other stimuli that are in a different plane or direction (Grunfeld et al., 2000)). For example, 
using horizontal head rotations (hear left/right) as habituation stimuli will not translate to 
reduction in vestibular responses in the vertical plane (head up/down).  Hence, the kind of 
head or body motion that elicits vertigo in vestibular disorders is carefully investigated in 
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each patient in order to provide the most effective habituation exercises (Norre and 
Beckers, 1989). To understand the process of vestibular habituation, much research has 
been performed in healthy vestibularly normal subjects in laboratory conditions. These 
studies largely involved stimulating the vestibular system either by repeated exposure to 
vestibular stimuli (such as in yaw-rotations on the chair) or to visual stimuli (e.g. 
optokinetic), which resulted in a clear reduction of the VOR response (Guedry Jr et al., 1961; 
Collins, 1963; Grunfeld et al., 2000; Clement et al., 2008). Interestingly and arguably more 
relevant to patients, these studies also reported reduction in sensation of dizziness and self-
motion, which similarly to VOR reduction was also retained over time.  
There are other similarities between dynamics of vestibular ocular and perceptual response 
such as both possess prolonged exponential decays suggesting a presence of a common 
velocity-storage mechanism in both (Guedry Jr, 1974; Young, 1982). Both VOR and 
perception appear to rely on a velocity-storage mechanism, which can be modulated by the 
cerebellum, however the neural substrate may not be the same or be “partially 
overlapping” (Shaikh et al., 2013). This is based on observations that the responses of VOR 
and perception do differ on some occasions. For example, the effect of habituation to the 
repeated vestibular rotations can reduce VOR and vestibular perception by different 
amounts (Clement et al., 2008). In a disease model of visual-vestibular habituation (Miller-
Fisher syndrome), the vestibular perceptual measure was significantly more attenuated 
than ocularmotor (VOR) response (Seemungal et al., 2011). Moreover, the amount of 
reduction of TC in VOR and vestibular perception was disassociated following administration 
of 4-aminopyridine (4-AP), which is thought to act upon the cerebellum-brainstem velocity 
storage neuronal connections (Shaikh et al., 2013). The numerous studies identifying cortical 
areas that are presumably involved in vestibular perception (see Vestibular Cortex in the 
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Introduction) suggest that further processing of perception occurs downstream from the 
velocity storage. Hence, the neural circuits involved in processing and modulation (e.g. 
during habituation) of VOR and perception are still disputed. 
Vestibular habituation can also be observed outside the laboratory conditions in normal 
subjects who participate to a high level of expertise in certain physical activities that involve 
stimulation of vestibular system. Ballet dancers, figure skaters and fighter pilots have been 
shown to have reduced VOR and vestibular perception (TSCHIASSNY, 1957; Tanguy et al., 
2008; Osterhammel et al., 1968); Fukada et al., 1967). This is desirable in such occupations 
as habituation serves to suppress nystagmus, sensation of self-motion, dizziness and also 
motion sickness symptoms (Dai et al., 2003; TSCHIASSNY, 1957; Tanguy et al., 2008; Jäger 
and Henn, 1981; Cohen et al., 2003). Therefore, these groups of people make a good model 
for investigating psychophysical features of long term vestibular habituation. 
In this study, ballet dancers were recruited to investigate the change in vestibular function 
as a result of long term repeated vestibular stimulation when compared to the control 
group (non-dancers). A number of vestibular tests including (1) vestibular threshold test (2) 
supra-threshold vestibular test (3) VOR suppression were administrated, and furthermore 
the visual dependency and motion sickness were also assessed.        
2.2 Methods 
2.2.1 Subjects 
Twenty-nine female dancers and twenty female age-matched controls with no dancing 
experience were recruited for this study. All completed written informed consent approved 
by the local ethics committee. Dancers were full time students at prestigious dance 
academies including the Royal Academy of Dance, London Studio Centre or Central School 
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of Ballet. Controls were recruited from local rowing clubs and were matched for age 
(controls mean age = 21.9, SD = 3.5 vs. mean age of dancers = 21.2, SD = 4.6).  Controls were 
also matched based on the level of physical activity, exercising on average 7.2 hours (SD = 
3.4 hours) every week. 
Dancers were asked to complete a detailed questionnaire of their dancing experience with 
an emphasis on ballet given its particular exposure to high-frequency pirouetting. Dancers 
had an average of 16 years of ballet training (SD = 4.2 years, range 3-24 years) and spent 3-
20 hours (mean = 8.8, SD = 3.7) of ballet training per week. “Ballet dancing experience” was 
calculated, as in (Hufner et al., 2011), by multiplying the hours of ballet training per normal 
week by the number of years trained (mean = 131.7, SD = 47).  
All participants were right-handed with a handedness score over 40 as determined by the 
Edinburgh Handedness Inventory (Oldfield, 1971). All subjects were naïve to the 
experimental set up which involved 2 sessions: a battery of laboratory vestibular tests 
assessing psychophysical responses and motion sickness questionnaire (see below), and 
structural neuro-imaging scans assessing brain changes (see Chapter 3). 
2.2.2 Psychophysical assessment 
(1) Vestibular threshold test 
Assessments of when the vestibular organs begin to respond to a vestibular stimulus form 
the basis of vestibular threshold testing. Current approaches of vestibular threshold testing 
investigate the perceptual threshold as measured by the onset of sensation of self-motion, 
and ocularmotor threshold as measured by the onset of ocularmotor (VOR) response 
(Seemungal et al., 2004; Cutfield et al., 2011). In other words, vestibular thresholds provide 
the information on the sensitivity of the vestibular processing upon low-level (VOR) and 
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high-level (self motion perception) aspects of the vestibular system. Previous reports found 
that for rotations in yaw, the angular acceleration required to reach ocularmotor threshold 
was around 0.51˚/s2 which was significantly lower than that for perceptual thresholds 
(1.2˚/s2) (Seemungal et al., 2004). Here, a previously described vestibular threshold protocol 
was used that utilises “limit-finding” approach of applying angular rotations of progressively 
increasing acceleration (Cutfield et al., 2011).   
Psychophysical apparatus and protocol: Subjects were seated in a motorized, vibration free 
chair (Contraves, USA) which rotated about an earth-vertical axis. The head was in the 
normal upright position supported by a chin rest, which stabilized both the neck and head. 
The experiment was conducted in the dark with white-noise masking delivered via a pair of 
speakers positioned behind the subject’s head on the chair and overseen at all times by the 
experimenter via infrared video camera. Subjects were given to hold a controller with 2 
push buttons (Fig. 2.1).  
 
 
 
 
. 
 
 
The chair was rotated with an initial acceleration of 0.5o/s2, which was increased with step 
accelerations of 0.5o/s2 every 3 seconds, up to a maximum acceleration of 3.5o/s2. The task 
given to the subjects was to indicate their perceived direction of motion, left or right, using 
Figure 2.1 Experimental setup for 
the threshold motion task. 
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the left or right button press respectively. They were asked to press the button as soon as 
they were sure of the direction of rotation and not to press the button if unsure. Once the 
subject responded with a button press, the chair was halted and the lights were turned on 
for at least 30 seconds before the next trial. Six correct responses (3 in each direction) were 
obtained for every subject. 
Vestibular ocularmotor threshold measurement: DC-coupled bitemporal electrooculography 
(EOG) was used to measure horizontal eye movement (Fig. 2.1). Calibration of the eye 
position was obtained at the start of the experiment by instructing the subjects to fixate a 
target in primary gaze and at 10o and 20o displacements left and right. EOG and chair 
tachometer (velocity) signals were saved for analysis sampled at 250Hz. The ocularmotor 
thresholds were found by measuring the velocity required to generate consistent vestibular 
nystagmus. In order to do this the eye position data as recorded by EOG was first 
differentiated and de-saccaded, by identifying the saccades using an acceleration criteria 
and filtering them out, in order to obtain the slow phase velocity (SPV) trace (in-house 
“Analysis” software by Mr David Buckwell; Fig. 2.2). The time from the chair onset to the 
time when the eye velocity trace leaves the baseline (SPV=0deg/s, no nystagmus) and does 
not return was recorded. Both the raw position and the velocity eye traces were used to 
confirm the time of nystagmus onset (Fig. 2.2). Ocularmotor threshold was then calculated 
from the time measured in (seconds) into a more standardised measure of velocity (in o/s). 
Vestibular perceptual threshold measurement: Button presses and chair tachometer signals 
were saved for analysis sampled at 250Hz. The perceptual threshold was found by 
measuring the time taken for the subject to press the button from the offset of the chair 
(Fig. 2.2), which was then expressed as velocity in o/s  
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For ocularmotor and perceptual thresholds, the results were averaged separately for motion 
in both the leftward and rightward direction.  
 
 
 
 
 
 
 
 
 
 
 
 
(2) Supra-threshold Vestibular test 
For each individual, simultaneous measures of the eye movement (using EOG) and 
perceptual responses to an angular velocity step were obtained, which provides a supra-
threshold vestibular stimulation (Okada et al., 1999); Fig. 2.3). Velocity steps involve whole 
body rotations in the dark and are used widely as part of the clinical assessment of 
vestibular function (see Chapter 1). Here, a standard clinical velocity step was used. This 
consists of a rapid change in angular velocity, either by rotating the subject from rest 
[stationary to a 'constant' 90°/s in 0.5s] producing a “starting response” or by rapidly 
stopping the subject [from 90°/s to stationary in 0.5s] eliciting a “stopping response”.   
Figure 2.2 A representative example of how ocularmotor and perceptual thresholds were 
elucidated. As chair started rotating to the left, nystagmus with leftward slow phase is observed and 
the subject indicated the perception of leftward motion by pressing the left button (L). The time 
taken until the onset of the nystagmus and the button press indicates the ocularmotor and 
perceptual thresholds (in sec) respectively.  
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The velocity step evokes both reflexive eye movements (VOR) and a perception of self-
rotation. The slow phase eye velocity and perception of self-rotation are maximal at the 
onset of the velocity step and then subsequently decay in an exponential fashion until both 
responses are typically zero after 60s. Hence, after 60s of continued constant angular 
velocity there is no VOR response or sensation of turning so that a second velocity step can 
be administrated by stopping the chair. “Starting” and “stopping” responses are 
mechanically the same at the cupula level except they result in deflection of the hair cells in 
the opposite direction. As a result, the magnitude of VOR and perceptual responses is 
identical but oppositely directed. 
Any exponential decay, including the ones for VOR and perceptual responses observed 
following a velocity step can be described by:  ( )     
     where   is the time,  ( ) is 
the intensity of vertigo or VOR slow phase velocity at time  ,    is the initial (at    ) peak 
intensity of vertigo or VOR slow phase velocity,   is exponential function and     is the 
exponential time constant (TC). As mention in the Introduction, the TC represents the time 
it takes for the slow phase eye velocity or sensation of self-motion (vestibular perception) to 
decrease by 63.2% from an initial value (i.e. decrease to 36.8% of its initial value) and is 
typically around 15s in healthy subjects (Cohen et al., 1981; Okada et al., 1999).  
Psychophysical apparatus and protocol: Subjects were seated on a motorised vibration free 
rotating chair (Contraves, USA) fitted with foot, arm and chin rests (Fig. 2.3A) with white 
noise was delivered via a pair of speakers. Eight ocularmotor and vestibular responses were 
obtained from four starting and four stopping velocity steps (i.e. total of 4 rotations; 2 in 
each direction). The duration between velocity steps was at least 60s and the next velocity 
step was only administrated once the nystagmus and turning sensation were absent. After 
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each rotation, following the stopping response, the lights were turned on for 60s to allow 
for the dissipation of any leftover vestibular response.  
Vestibular Ocular Reflex measurement: Eye movements were recorded using EOG (Fig. 
2.3A). At the start of the experiment, calibration of the eye position was performed by 
asking the participant to make 10o, 20 o, 30o saccades to the right and left from the centre 
fixation target.      
Vestibular perception measurement: Subjects indicated their perceived self-rotation by 
turning a wheel attached to the chair, which was connected to a tachogenerator. The 
tachogenerator’s output voltage was proportional to the angular velocity of the wheel. The 
subjects were informed that immediately at the start of rotation (which could be a starting 
or stopping velocity step), the sensation of self-motion is at its greatest and were asked to 
indicate this by turning the tachometer wheel quickly at the start to provide a peak of the 
maximum response. They were then instructed to concentrate on the sensation of self-
motion and if the sense diminished then they should indicate this by turning the wheel 
more slowly. Finally, if they felt that they were no longer moving then they should stop 
turning the wheel altogether. This method enables the measurement of the relative change 
in magnitude of vestibular perception during the time course of a velocity step response 
(Okada et al., 1999). 
Data analysis: EOG, chair motion and tachometer wheel signals were recorded and stored at 
a sampling rate of 250Hz. After calibration of eye position, EOG signals were differentiated 
and de-saccaded to obtain slow phase eye velocity curves (Fig. 2.3B). The wheel tachometer 
curves and the slow phase eye velocity curves were averaged from the offset of the chair 
velocity keeping the left and right accelerations separate (Fig. 2.3B). The average wheel and  
39 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
the eye velocity curves were then fitted with an exponential function with parameters 
estimated by Matlab® least square fitting algorithm (MatLab®, Mathworks, Optimization 
Toolbox) to determine the perceptual TC and the ocularmotor TC respectively. 
Additional measurements were obtained from eye velocity and the wheel response curves 
including the duration of the response as measured from the chair onset to the end of the 
Figure 2.3 Experimental apparatus and raw records of vestibular-ocular motor and perceptual 
responses. (A) 90°/s velocity step rotations were administered (leftwards or rightwards) as subjects 
sat on a motorized rotating chair in the dark. The subject’s task was to rotate the tachometer wheel 
to match their sensation of rotation. VOR measures were recording using standard EOG. (B) 
Example from a single subject of the signal from the tachometer wheel reflecting the perceptual 
response and slow phase velocity curve reflecting the ocularmotor response. The dotted lines show 
the exponential decay curves from which perceptual and ocularmotor TCs are calculated. 
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vestibular response (i.e. end of nystagmus or vestibular sensation). The gain of the VOR, 
calculated as maximum slow phase eye velocity divided by chair velocity (90o/s) was also 
found from the eye velocity curve. The same could not be done for the perceptual response 
since the technique does not allow for reliable calibration of the tachometer wheel output. 
This is because one cannot reliably standardise the degree of vestibular sensation in 
different people and what one person defines as a maximum response will not apply to 
others.   
(3) VOR suppression 
Dancers widely use “spotting” technique, which involves fixing the eyes on an object in front 
of them during rotational movements to prevent dizziness (Teramoto et al., 1994). VOR 
suppression can be directly investigated by measuring the extent of suppression of post-
rotatory nystagmus when provided with a visual cue following a chair halt (Teramoto et al., 
1986). 
Psychophysical apparatus and protocol: Using the same motorised rotating chair system 
90o/s velocity steps were administered as in the above “Supra-threshold Vestibular test” 
(Figure 2.2).  Post-rotatory nystagmus (stopping response) was generated in total darkness 
in each subject through sudden halting of the chair after retaining a rotational velocity of 
90o/s for 1 min. The lights were then turned on 5s after the halt. Each subject was asked to 
fixate for 5s on a target attached to the chair and located at eye-level 60cm directly in front 
of the subject. The lights were then turned off until the post-rotatory nystagmus has 
dissipated. Hence, the rotation of the chair and its starting response was always obtained in 
the dark whereas the stopping response following the chair stop consisted of a brief (5s) 
period of VOR suppression in the light (Fig. 2.4). Two stopping responses were obtained 
(one in each direction). 
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Recording of VOR suppression and analysis: Horizontal eye movements were recorded using 
EOG. EOG signals were digitally differentiated and de-saccaded to obtain eye velocity 
curves. The duration of the nystagmus was determined from the onset of the chair velocity 
step to the time when the eye velocity trace reaches the baseline (SPV=0deg/s, no 
nystagmus). The eye velocity curve concerned with the starting responses in the dark was 
fitted with an exponential and TC was calculated (before VOR suppression TC). TC was also 
calculated for the slow-phase eye velocity curve of the stopping response after the fixation 
period (after VOR suppression TC). The gain of the eye responses at the start of the post-
rotatory nystagmus and after 5s fixation period was found. The visual suppression (%) was 
determined by finding the percentage change between the values of ocularmotor gain, 
duration and TC obtained before VOR suppression and values obtained after VOR 
suppression.  
Figure 2.4 Example of post-rotatory response following a chair stop with 5 second period of VOR 
suppression.  
42 
 
2.2.3 Visual dependency 
Visual dependency refers to the preferential weighing of different sensory inputs (i.e. visual, 
vestibular and proprioceptive) in order to maintain spatial orientation (Witkin, 1959). This is 
often assessed by ‘rod and disc’ test which involves asking the subjects to orientate a 
straight line (rod) to vertical inside a rotating surround of optokinetic stimulus (Dichgans et 
al., 1972).  A subject who is visually dependent utilises primarily the visual input of the 
rotating surround rather than vestibule-proprioceptive cues and results in the tilt of the rod 
in the direction of the moving stimulus. The degree of the visual dependency is indicated by 
the amount of the tilt observed. Here a laptop based version of the rod and disc test was 
used, where a subject views a stimulus on the screen in the dark through a cone of 15cm in 
diameter that restricted the visual field to 38.3o and blocked any peripheral vision (Fig. 2.5). 
The stimulus consisted of a black background with white dots surrounding a white rod in the 
centre of the screen (Fig. 2.5). The subjects were asked to align the rod to their perceived 
gravitational vertical (i.e. from ground to ceiling) when the background was static or when 
the background was moving. In the moving trials the white dots surround moved either 
clockwise or anticlockwise at 30o/s. In each trial the rod was displaced either to the right or 
to the left (+/- 40o) and the subjects used left and right arrow keys on the keyboard to align 
the rod vertically without any time constraints. 4 trials were performed for each condition: 
static, clockwise moving and counterclockwise moving. The tilt of the rod in degrees that 
remained after each trial compared to the actual gravitational vertical position (0o) was 
taken as the degree of error. Visual dependency was calculated by subtracting the average 
degree error of the static trials from the moving trials. 
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2.2.4 Motion Sickness questionnaire 
To investigate the relationship between vestibular habituation and motion sickness, all 
subjects were asked to complete short motion sickness susceptibility questionnaire (MSSQ-
short, APPENDIX 1) (Dichgans et al., 1972).  
2.2.5 Statistical analysis 
The analysis of within-subject repeated measures (ANOVA) was employed. Post hoc tests 
were applied using Bonferroni corrections for multiple comparisons, signiﬁcance was 
established at P<0.05. Sphericity in the ANOVA model was examined using Mauchley’s test. 
For non-spherical data the Greenhouse–Geisser correction was used. Multiple regression 
analysis (linear, stepwise method) was used with variables ocularmotor threshold, 
perceptual, threshold, ocularmotor TC, perceptual TC, VOR suppression (% change in gain), 
visual dependency and dancing experience. 
Figure 2.5 Laptop based rod and disc test. The black backgroundcwith white dots rotated clockwise 
(CW) or counterclockwise (CCW) in moving trials.  The subjects were asked to place the rod 
vertically.  
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2.3 Results 
2.3.1 Psychophysical assessment 
(1) Vestibular threshold test 
In dancers, the mean ocularmotor threshold was 4.28o/s (SD=1.55) and the mean perceptual 
threshold was 10.13 o/s (SD=6.00). In controls, ocularmotor and perceptual thresholds were 
3.31 o/s (SD=1.29) and 10.57 o/s (SD=6.35). There was no significant difference between 
leftwards and rightwards rotations in both groups (p>0.05). 2x2 repeated measure ANOVA 
was performed with two within-individual factors: “group” (controls and dancers) and 
“threshold type” (VOR and perception). The factor “threshold type” was significant 
(p<0.001, F=108.6, df=1) and there was a significant interaction between “group*threshold 
type” (p=0.025, F=5.4, df=1). Post hoc t-test revealed that dancers have significantly higher 
ocularmotor thresholds compared to controls (p=0.0006; independent t-test) but similar 
perceptual thresholds (not significantly different; p>0.05) (Fig. 2.6A). 
Ocularmotor and perceptual thresholds were significantly correlated in dancers (Fig. 2.6B; r 
= 0.58, P < 0.05) but not in controls (Fig. 2.6B; r = 0.03, P > 0.05). 
 
  
 
 
 
 
Figure 2.6 Results for vestibular threshold test. A Dancers have elevated ocularmotor thresholds. ** 
indicates significance of p<0.01. Error bars represent standard error. B Significant correlation seen 
between ocularmotor and perceptual thresholds in dancers but not in controls. 
 
45 
 
(2) Supra-threshold Vestibular test 
Ocularmotor and perceptual responses were obtained from pre (starting response) and post 
(stopping response) chair rotations. There were no significant differences between leftward 
and rightward accelerations in either of the group so they were combined (P > 0.05, F = 
1.32, df = 1, factor: Direction of rotation, Repeated Measures ANOVA). Ocularmotor TCs 
ranged from 9.52s to 15.8s in dancers (mean = 11.7s, SD = 1.78) and from 11.6s to 18.8s in 
controls (mean = 14.9s, SD = 1.87). Perceptual TCs ranged from 3.1s to 11s in dancers (mean 
= 7.24 s, SD = 2.17) and from 5s to 14.5s in controls (mean = 8.89, SD = 2.68). Grand average 
of all subjects’ responses within the 2 groups were performed to illustrate the difference 
between dancers and controls (Fig. 2.7) 
  
 
 
 
 
 
 
 
Repeated measures ANOVA with within-subjects factors and Bonferroni correction: Group 
(Controls or Dancers), Measure (VOR or Perception) and Condition (TC, duration) was 
performed and significance found for factor Group (p<0.001, F=36.5, df=1), Measure 
Figure 2.7 Group average curves for ocularmotor (top) and perceptual (bottom) responses in 
dancers and controls.  
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(p<0.001, F=173.6, df=1) and Condition (p<0.001, F=2000.6, df=1). Interactions 
Group*Measure (p=0.02, F=6.48, df=1), Group*Condition (p=0.006, F=9.48, df=1) and 
Measure*Condition (p<0.001, F=22.3, df=1) were significant. Post hoc independent t-tests 
showed that dancers had significantly shorter VOR response (for ocularmotor TC: t = -5.83, p 
< 0.001; for VOR duration: t = -5.39, p<0.001) and perceptual response (for TC: t = -2.36, p= 
0.022; for duration: t = -3.26, p = 0.002) than controls (Fig. 2.8). The gain of the VOR, 
calculated as eye velocity divided by chair velocity (90o/s), was not significantly different 
between the two groups (t = 0.729, p>0.05, t-test) with the mean gain of 0.54 (SD=0.17) in 
dancers and 0.57 (SD=0.14) in controls (Fig. 2.8). 
 
 
 
 
 
 
 
 
 
 
Ocularmotor and perceptual TCs were significantly correlated for controls (Fig. 2.9; r = 0.46, 
P < 0.05) but not dancers (Fig. 2.9; r = 0.11, P > 0.05) demonstrating that at the behavioural 
Figure 2.8 Results for supra-
threshold vestibular test. Dancers 
showed reduced TC (top left) and 
duration (bottom left) of both 
ocularmotor and perceptual 
responses. No difference was found 
in gain (top right). ** indicates 
significance of p<0.01; * indicates p 
< 0.05. Error bars represent standard 
error. 
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level, the normal association between reflex (VOR) and perception (Okada et al., 1999) 
observed in controls is lost in dancers.  
 
 
 
 
(3) VOR suppression 
Percentage change of Ocularmotor TC, duration and gain was found between responses in 
the dark (before VOR suppression) and following 5s of fixation in the light (after VOR 
suppression). Repeated measures ANOVA with within-subjects factors and Bonferroni 
correction: Group (Controls or Dancers) and Condition (TC, duration, gain) was performed 
and significance found for factor Group (p<0.001, F=19.9, df=1) and Condition (p<0.001, 
F=376.9, df=1). Post hoc independent t-tests showed that dancers showed greater VOR 
suppression with significantly larger % change in ocularmotor TC (t = -3.5683, p = 0.001), 
duration (t = -2.79, p=0.008) and gain (for TC: = -4.68, p < 0.001) compared to controls (Fig. 
2.10).  
 
  
 
 
 
 
Figure 2.9 Significant correlation 
found between ocularmotor and 
perceptual TC in controls but not 
in dancers. 
Figure 2.10 Greater VOR suppression is seen in dancers. ** indicates significance of p<0.01. Error 
bars represent standard error. 
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2.3.2 Visual dependency 
Mean degree error (i.e. tilt deviation from true vertical) was not significantly different 
between controls and dancers for both static and visual motion (clockwise and 
anticlockwise) conditions (p>0.05, F=0.843, df=2; repeated measures ANOVA within-subject 
group*condition interaction).  Visual dependency (mean degree error during moving trials 
minus mean degree error during static) for controls and dancers was not significantly 
different (p>0.05, F=1.489, df=1; one way ANOVA). This was 1.87o (SD=1.27) in controls and 
2.78o (SD=3.14) in dancers.  
2.3.3 Motion Sickness questionnaire 
From MSSQ-short questionnaire, MSA (child motion sickness), MSB (adult motion sickness) 
and MSSQ-raw (total child and adult) scores are calculated as described by Golding (Golding, 
2006). Mean MSA, MSB, MSSQ score in controls 7.04 (SD = 4.55), 5.7 (SD = 4.88) and 12.7 
(SD = 8.66) respectively. And in dancers, 6.11 (SD = 4.09) for MSA, 3.2 (SD = 2.9) for MSB and 
9.3 (SD = 6.48) for MSSQ. Dancers had significantly lower MSB score suggesting less 
susceptibility to motion sickness as adults compared to controls (p = 0.049, t = 2.1; t-test; 
Fig. 2.11).The scores were then converted to the percentile measures (Golding, 2006). 
Repeated measures ANOVA with within-subjects factors and Bonferroni correction: Group 
(Controls or Dancers) and percentile measure (MSA, MSB, MSSQ-raw) showed significant 
interaction for Group*Measure (p=0.017, F=4.56, df=2) and post-hoc t-test showed 
significant difference in MSB percentile measure between dancers and controls (p = 0.029, t 
= 2.05). Further, dancers showed significant reduction in motion sickness from childhood to 
adulthood (p<0.001, paired t-test), whilst controls were unchanged (p>0.05).  
Multiple regression analysis (linear, stepwise method) was used to elucidate any significant 
predictor variables for MSB-score (dependent variable) in dancers. Seven predictor variables 
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(see 2.2.5 Statistical analysis section) were entered in the model with MSB as dependent 
variable. The only significant predictor for motion sickness score (MSB) in dancers was 
dancing experience: 
Model significance (stepwise method): Adjusted R2 = 0.148, F = 5.86, p = 0.023 
Dancing experience (predictor variable): beta = -0.42, p = 0.023 
Thus, the more experienced dancers are less motion sick as adults. 
 
 
 
 
 
 
 
2.3.4 Multiple regression analysis 
Ocularmotor response following velocity steps (supra-threshold vestibular test) is widely 
assessed as part of clinical tests and is often found to be altered following vestibular 
disorders. Hence, a multiple regression analysis (linear, stepwise method) was used to 
assess predictor variables (see 2.2.5 Statistical analysis section) for Ocularmotor TC across 
both groups. Only two significant variables were entered in the model:- 
Model significance (stepwise method): Adjusted R2 = 0.448, F = 20.5, p <0.001 
%change in gain for VOR suppression (predictor variable 1): beta = -0.55, p <0.001 
Ocularmotor threshold (predictor variable 2): beta = -0.28, p = 0.17  
Thus, individuals with longer ocularmotor TC showed less VOR suppression and shorter 
ocularmotor thresholds.    
Figure 2.11 Dancers had smaller 
adult motion sickness scores 
(MSB). * indicates significance of 
p<0.05. Error bars represent 
standard error. 
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2.4 Discussion 
In this study, dancers were used to probe the effect of long term exposure to visual-
vestibular stimulation on the vestibular function. The results show habituation of VOR and 
perceptual responses, elevation of ocularmotor threshold and increased ability of VOR 
suppression. Further, in comparison to control group, dancers showed reduced motion 
sickness susceptibility as adults. Visual dependency, however, was not found to be modified. 
2.4.1 Increased ocularmotor threshold in dancers 
Vestibular threshold testing allows measurement of the smallest vestibular stimulation 
required to induce a VOR response (ocularmotor threshold) or a sensation of self-motion 
(perceptual threshold). Dancers showed elevated ocularmotor threshold when compared to 
controls whilst perceptual threshold was not significantly different. Early studies 
investigated the smallest angular acceleration for generating vestibular nystagmus or 
sensation of a rotation and reported a wide range of values from 0.04 to 2.5 deg/s2 
(Oosterveld, 1970; GUEDRY, 1965). The discrepancies in values may have resulted from the 
lack of controlled vestibular stimuli, using different psychophysical techniques and using 
different criteria (onset of nystagmus or perception of rotation) for measuring thresholds 
(GUEDRY, 1965). Recent studies sought to compare ocularmotor and perceptual thresholds 
by measuring the two simultaneously during horizontal angular rotations (Cutfield et al., 
2011; Seemungal et al., 2004). These studies and the current study found that the 
perceptual threshold was higher than the oculomotor threshold (Fig. 2.6A). This suggests 
that the brainstem mechanism mediating the VOR is more sensitive than the cortical 
mechanism thought to mediate perception. The perceptual and ocularmotor threshold 
values reported here for controls (10.57 o/s, 3.31 o/s ) and dancers (10.13 o/s, 4.28o/s) is 
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comparable to the previously reported data [range of 8.2 and 13.8 o/s for perception; range 
of 3.3 and 4.5 o/s for ocularmotor; (Cutfield et al., 2011)].    
Vestibular thresholds are known to be affected by other factors such as fatigue, body 
position and also vestibular habituation (Oosterveld, 1970; MITTERMAIER and ROSSBERG, 
1956; Fluur and Mendel, 1962). Following repeated rotatory stimulation, the ocularmotor 
threshold has been reported to increase (Fluur and Mendel, 1962), however previous study 
on ballet dancers showed that their nystagmic threshold, measured in the darkness, was 
comparable to control subjects (Dix and Hood, 1969). In contrast to Dix and Hood (1969), 
the current results show significantly higher ocularmotor threshold in dancers. This may be 
because the method employed to measure threshold in the current study was more 
sensitive and able to elucidate the small differences in nystagmic threshold between the 
dancers and the control subjects. Dix and Hood used a protocol in which the subject were 
rotated at constant velocity at the start and then accelerated and decelerated in steps of 0.1 
o/s2 until a clear nystagmic response was detected. In the current study, starting from 
stationary position a progressively increasing acceleration (0.5 o/s2 every 3 seconds) was 
applied. Thus, the current method produces an exponential rise in velocity, which provides 
continuous values for vestibular threshold rather than the step values acquired by Dix and 
Hood (1969).  
Interestingly, the perceptual thresholds were similar in dancers and controls, however in 
dancers a significant correlation was found between the ocularmotor and perceptual 
threshold values, which was not found in controls (Fig. 2.6B). This suggests that dancers’ 
perception is more in tune with ocularmotor information in order to utilise it more 
efficiently for perceiving self-motion. Moreover, vestibular training appears to modulate 
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threshold ocularmotor and perceptual responses by different amounts suggesting a 
dissociation of ocularmotor and perceptual functions, which was also observed in supra-
threshold vestibular test (see 2.4.2).  
2.4.2 Habituated VOR and perceptual responses in dancers 
The reduction in vestibular response observed in this study (Fig. 2.8), as measured by 
reduction in VOR and sensation of self-motion, following a velocity step in dancers is in line 
with previous reports (TSCHIASSNY, 1957; Osterhammel et al., 1968). Comparable 
habituated response have also been seen in the laboratory settings in individuals exposed to 
repeated vestibular, visual or concurrent visual-vestibular stimulation (Guedry Jr et al., 
1961; Collins, 1963; Grunfeld et al., 2000; Clement et al., 2008). This validates the rational of 
using dancers in this thesis as a means of investigating the long term effect of vestibular 
training in healthy individuals. Interestingly, the dancers’ ocularmotor (VOR) and perceptual 
responses following velocity steps did not correlate, whereas a positive correlation was 
found in the control group (Fig. 2.9). A dissociation of the two responses was also observed 
in the threshold test. A number of studies have shown that eye movements and vestibular 
perception often align in healthy individuals (Bertolini et al., 2011; Okada et al., 1999) and 
also in patients with cerebellar disease (Bertolini et al., 2012; Bronstein et al., 2008). 
However, it has been observed that the two responses (VOR and perception) can uncouple 
in certain situations, such as following vestibular habituation in healthy subjects or recovery 
from disease (Guedry et al., 1992; Merfeld et al., 2005; Seemungal et al., 2011; Clement et 
al., 2008; Shaikh et al., 2013; Cousins et al., 2013). One study specifically investigated 
vestibular habituation in healthy volunteers following repeated rotational stimulation and 
showed that the reduction in VOR response was different to the habituation observed for 
perceived self-motion (Clément et al., 2008; Clement et al., 2008). Hence, current findings in 
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dancers taken with previous reports suggest that uncoupling of VOR and perceptual 
responses may be an advantageous behavioural response to vestibular training or disease. 
For example, in patients with right-left asymmetry of peripheral vestibular function (e.g. 
vestibular neuritis), head movements may result in unwanted nystagmus and sensation of 
vertigo. Vestibular training as part of rehabilitation therapy might promote reflex (VOR) and 
perceptual uncoupling that could suppress the disabling vertigo symptom despite residual 
nystagmus still presenting.  
2.4.3 Dancers show greater ability to suppress VOR  
The capacity to suppress VOR is essential during everyday life. For example, reading a book 
whilst travelling on a bus requires the visual system to suppress any compensatory eye 
movements generated by vestibular system to stabilise the visual image on the retina. 
Unsurprisingly, the dancers were able to more effectively suppress post-rotatory nystagmus 
compared to controls (Fig. 2.10). In dancers, the ability of VOR suppression has been 
previously related to the level of skill and dancing experience (Teramoto et al., 1994). In the 
current study, the degree of VOR suppression was a primary predictor for ocularmotor 
response time constants so that individuals with a greater capacity for VOR suppression 
have shorter ocularmotor TCs.  This suggests that during visual-vestibular training, a 
common mechanism might be employed to promote VOR suppression and reduce VOR 
response. Such neural mechanism may reside in the vestibular cerebellum, which has been 
shown to be critical in eliciting VOR habituation and visual VOR suppression by acting on the 
brainstem velocity storage mechanism (Takemori and Cohen, 1974; Takemori, 1975; Baloh 
et al., 1981; Cohen et al., 1992; Waespe et al., 1985).  
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Abnormalities in VOR suppression are commonly found in patients with central vestibular 
disorders (Halmagyi and Gresty, 1979). Failure to suppress the VOR in these patients has a 
detrimental effect such as visual instability during head motion. Hence, visual-vestibular 
training may provide an additional benefit of promoting VOR suppression as well causing 
reduced response (desensitisation) to the vestibular perturbations.       
2.4.4 Dancers are less motion sick as adults 
In the current study, ballet dancers showed reduction in motion sickness scores as assessed 
by MSSQ-short (Golding, 2006) during adulthood, but not childhood, when compared to 
controls (Fig. 2.11). The MSSQ scores obtained for controls (12.7, SD=8.66) were in line with 
previously published general population data (13.93, SD=10.37) (Golding, 2006). Both 
groups, dancers and controls, showed a tendency for greater incidence of motion sickness 
as children compared to adults as previously reported (Golding, 2006; PARK, 1998). 
However, only in dancers was this reduction significant. This suggests that dance training 
made dancers less susceptible to motion sickness and indeed dancing experience was a sole 
significant predictor of motion sickness scores. This indicates a direct link between 
vestibular training and motion sickness. Interestingly, this study revealed no significant 
relationship between VOR response (TC) and motion sickness although a number of studies 
have linked the two variables through the role of velocity storage mechanism (Cohen et al., 
2003; DiZio and LACKNER, 1991; Bos et al., 2002; Dai et al., 2003). This suggests that 
although both motion sickness and VOR response are concurrently reduced following 
vestibular stimulation, the reduction of motion sickness is not directly dependent on the 
reduction in VOR TC. This is in line with the proposed complex nature of motion sickness, 
which is suggested to be governed by a number of other factors in addition to the state of 
velocity storage mechanism.   
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2.4.5 Dancers and controls have comparable visual dependency 
Visual dependency is known to be altered in vestibular disorders as the patients increase 
their reliance on the visual cues (Guerraz et al., 2001). However, the effect of vestibular 
training on sensory weighting (vision vs vestibular) is unclear. Some studies show that vision 
plays a larger role than other sensory cues in regulation of dancers’ posture (Hugel et al., 
1999; Perrin et al., 2002; Golomer et al., 1999) whilst other studies showed greater reliance 
on vestibular and/or proprioceptive information (Golomer and Dupui, 2000; Golomer et al., 
1997; Golomer et al., 1999; SIMMONS, 2005). However, these studies explored visual 
dependency in the context of postural control and as far as I am aware this is the first study 
to explore visual dependency directly using the rod and disk paradigm. In this study, 
although dancers tended to have higher visual dependency compared to controls, this was 
not statistically significant. Moreover, visual dependency in dancers (2.78o, SD=3.14) and in 
controls (1.87o, SD=1.27) was in the region of previously acquired data from healthy subjects 
(3.2°, SD=2.9) (Cousins, 2012). The computer based rod and disk produces smaller rod 
deviations than if a larger disk is used (Guerraz et al., 2001; Cousins, 2012), however it was 
previously used to elucidate symptomatic patients with vestibular disorder from healthy 
subjects (Cousins, 2012). For the current  study that employed 2 healthy groups, albeit with 
different level of vestibular habituation, the computer based rod and risk test might not 
have been sensitive enough to elucidate any significant difference between the two groups 
and thus, a large disk should be used in future studies. 
2.4.6 Clinical Relevance 
The results of the current study highlight the modulation of a number of features of the 
vestibular function following long term vestibular training. These include reduction of VOR 
and perceptual responses, as well as increase in VOR suppression and decrease in motion 
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sickness susceptibility. Importantly, ocularmotor and perceptual responses appear to 
dissociate. All of these vestibular changes must provide behaviour benefits to dancers and 
could also be extended to vestibular disorder patients. As this chapter suggests, vestibular 
training has the capacity to target and improve the key detrimental symptoms of a 
vestibular disorder:- dizziness, visual world instability and nausea (motion sickness).        
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Chapter 3: Neuroanatomical correlates of vestibular training 
Preface 
Long term adaptation to repeated whole-body rotations, as with ballet training, is known to 
reduce vestibular responses, as shown in the previously chapter. Current chapter investigates 
the neural correlates of vestibular ocularmotor and perceptual adaptation in ballet dancers 
and controls. Neuro-imaging showed a selective grey matter (GM) reduction in dancers' 
vestibular-cerebellum, which was also found to be the neuroanatomical site of reflex and 
perceptual dissociation. Dancers' vestibular-cerebellar GM density reduction was related to 
shorter perceptual responses (i.e. positively correlated) but longer VOR duration (negatively 
correlated). In contrast, controls' vestibular-cerebellar GM density was negatively correlated 
for both perception and VOR. Vestibular perception correlated with a cortical white matter 
(WM) network in controls only, which was conspicuously absent in dancers. Since primary 
vestibular afferents synapse in the vestibular-cerebellum, a cerebellar gating of perceptual 
signals to cortical regions may mediate the training-related attenuation of vestibular 
perception and its uncoupling from reflex function in dancers. If true, then the development 
of this cerebellar gating mechanism as part of vestibular rehabilitation may allow patients to 
improve their symptoms and go about their day to day life with reduced symptoms. 
3.1 Introduction 
The previous chapter investigated the psychophysical changes in vestibular function due to 
vestibular training. It is known that training-related expertise is also associated with 
significant changes to brain structure (Zatorre et al., 2012). This structural plasticity is 
reflected in changes in measures of grey matter (neuronal cell bodies i.e. the bulk of the 
brain) or white matter (myelinated axons i.e. connections in the brain). Most human studies 
have focused in investigating training-dependent changes in brain structure in the motor or 
cognitive domains (Zatorre et al., 2012). For example, learning to juggle resulted in changes 
in white and grey matter in the region of intraparietal sulcus (Scholz et al., 2009; Driemeyer 
et al., 2008). Cognitive tasks such as learning a second language increases grey matter 
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density in inferior parietal cortex (Mechelli et al., 2004), whilst improvements in spatial 
navigation causes increase in the hippocampus (Maguire et al., 2000). However, studies 
focusing on the effect of sensory experience have so far been largely limited to investigation 
of cross-modal plasticity in individuals with sensory deprivation such as early onset 
blindness (Noppeney, 2007). Common to these studies is the suggestion that the structure 
of human brain alters to suit environmental demands. The behavioural relevance of such 
structural (white or grey matter) brain changes is confirmed by showing that the changes 
that take place correlate with superior performance (Roberts et al., 2012; Hufner et al., 
2011; Taubert et al., 2010; Hanggi et al., 2010; Johansen-Berg et al., 2007; Noppeney et al., 
2005; Bengtsson et al., 2005).  
To date the effect of repeated visual-vestibular stimulation in healthy individuals or in 
patients on brain structure has not been investigated. Dancers, as an expert group, provide 
a means of assessing possible brain structural alterations that occur as a result of long term 
vestibular training. This may reveal the neuroanatomical sites that are crucial in modulating 
various aspects (see Chapter 2) of the vestibular function following vestibular habituation.   
Only few studies have investigated possible changes in the brain caused by long term dance 
training (Hufner et al., 2011; Hanggi et al., 2010). Hanggi et al. 2010 compared whole brain 
structure between ten female dancers and a control group without any behavioural 
assessment. Hufner et al. 2011 compared a priori selected brain regions (region of interest 
analysis of hippocampus and parieto-insular cortex) between 21 trained subjects, 
comprising ballet dancers, ice dancers and slack liners, and an untrained control group. 
Hufner and colleagues also assessed cognitive task performance allowing an analysis of 
cognitive performance relative to brain structure. However, neither study has tried to 
correlate brain structure with behavioural measures of vestibular function. So in this study a 
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homogenous group of 29 highly skilled dancers and a control group were employed, 
matched for age, sex, handedness and physical activity. Vestibular responses (ocularmotor 
and perceptual) obtained from supra-threshold vestibular test as described in Chapter 2 
were then specifically correlated with grey and white matter brain structure in both groups 
using voxel-based morphometry (VBM) and diffusion tensor imaging (DTI) respectively. This 
allowed an assessment of any neural differences between the two groups and to test 
whether the modulation of reflex (VOR) versus perceptual vestibular processing has distinct 
neural bases. 
3.2 Methods 
3.2.1 Subjects 
Please refer to the “2.2.1 Subjects” section in Chapter 2. Same 49 subjects (29 dancers and 
20 controls) were used.  Hence, all subjects underwent two testing sessions:- a 
psychophysical data collection session assessing vestibular function in the laboratory 
(Chapter 2) and then a separate structural neuro-imaging session. 
3.2.2 Psychophysical assessment 
Ocularmotor and perceptual TCs obtained from supra-threshold test (Chapter 2) were 
specifically used in probing neuronal correlates of vestibular function in vestibular 
habituation. These measures provide a clear indication of the vestibular habituation as both 
ocularmotor and perceptual TCs are significantly reduced.   
3.2.3 MRI data acquisition 
MR imaging (MRI) data was acquired using a 1.5-T Siemens Magnetom Verio system and a 
32 channel head coil. Whole brain diffusion tensor imaging data were acquired using spin-
echo echo planar imaging (EPI) in 30 spatial directions using b-values of 0 and 1000 smm-2 
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(repetition time (TR) = 4.8 s; echo time (TE) = 140 ms; voxel size 1.8 x 1.8 x 4 mm3; number 
of averages = 3). Isotropic T1-weighted anatomical images were acquired using an MP-RAGE 
(magnetization-prepared rapid acquisition gradient echo) sequence (TR = 1900 ms; TE = 2.48 
ms; inversion time (TI) = 900 ms; flip angle = 9o; voxel size 1 x 1 x 1 mm3). 
3.2.4 MRI data analysis 
All MRI data analyses were performed using FSL package, version 4.1.9 
(www.fmrib.ox.ac.uk/fsl). 
3.2.5 Grey matter pre-processing 
T1-weighted anatomical images were analysed using FSL’s implementation of voxel-based 
morphometry (VBM) – a neuroimaging technique that allows comparison of grey matter 
density between subject groups. Structural images were brain extracted and grey matter 
segmented using FAST before being nonlinearly registered to standardised Montreal 
Neurological Institute (MNI) space to generate a study specific template (Andersson et al., 
2007). All native grey matter images were then registered to the study specific template and 
modulated to correct for local geometric expansion/ contraction. Finally, the modulated GM 
volumes were smoothed with an isotropic Gaussian kernel with a sigma of 2mm 
(approximately 4.7mm FWHM).  
3.2.6 White matter pre-processing 
Diffusion tensor imaging (DTI) provides indices of white matter integrity and allows 
investigation of anatomical connectivity in the brain (Le Bihan et al., 2001). The technique 
measures the direction of diffusivity of water molecules. In the white matter fibres the 
movement of water molecules is restricted so that by measuring the direction and the 
degree of diffusivity, the orientation of the white matter fibres and their structural integrity 
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is inferred. The most commonly used DTI measure is fractional anisotropy (FA) and as in 
VBM, the analysis requires several steps. Firstly, the acquired diffusion data was corrected 
for eddy-currents and head motion using affine registration to the average of non-diffusion 
weighted volumes. DTI data was then skull stripped using Brain extraction (BET) tool. A 
Fractional anisotropy (FA) map was generated by fitting a diffusion tensor model to the 
corrected diffusion data at each voxel using FMRIB’s diffusion toolbox. Voxel-wise statistical 
analysis of FA map across subjects was performed using tract-based spatial statistics (TBSS) 
(Smith et al., 2006). All subjects’ FA was registered to the MNI_T1_1mm_brain using 
nonlinear registration and then projected onto a skeleton derived from a mean FA image.   
3.2.7 Statistical analyses 
GM and WM analyses were performed using permutation based non-parametric testing 
within general linear model (GLM) framework (Nichols and Holmes, 2002). Results were 
considered significant for P < 0.05, corrected for multiple comparisons using threshold-free 
cluster enhancement (TFCE with 5000 permutations), an approach that avoids the choice of 
an arbitrary threshold for initial cluster formation (Smith and Nichols, 2009).  
(1) Grey matter analysis 
The image for each participant was entered in the design matrix along with group (dancers 
or controls) and brain size as covariates. A whole brain voxel-wise comparison analysis was 
performed to identify differences in the grey matter (GM) density between the dancers and 
controls. The comparisons were (i) Dancers’ GM density greater than Controls GM density 
(Dancers > Controls) and (ii) Controls’ GM density greater than Dancers’ GM density 
(Controls > Dancers).  
62 
 
In order to explore the relationship between ocularmotor and perceptual time constants, a 
second analysis was performed using ocularmotor TCs, perceptual TCs and brain size as 
covariates. This design enabled us to analyse the relationship between GM density and 
vestibular psychophysical measures. Psychophysical measures (ocularmotor TC and 
perceptual TC) were modelled separately so that covariate-by-group interactions could be 
examined. Specific GM-vestibular relationships were tested using t-test contrasts to 
examine: 1) unique correlations for each measure in each group; 2) correlations for each 
measure across the 2 groups; 3) average effect or interactions across the two measures in 
each group. Data was analysed at a whole brain level. Regions where GM density 
differences were detected between the groups in the comparison analysis were used as a 
mask to perform the subsequent voxel-wise correlation analysis.  
(2) White matter analysis 
WM statistical analysis was performed using the same design matrices and procedure 
described above. The level of FA between the dancers and the control group was examined 
using the whole brain voxel-wise comparison analysis (Dancers > Controls; Controls > 
Dancers). A whole brain correlation analysis was then performed to test for specific WM-
vestibular relationships using t-test contrasts as described in the GM analysis above.   
The mean GM density and FA levels from the significant clusters obtained in the voxel-wise 
comparison and correlation analysis were used to perform post-hoc linear regression 
analysis using SPSS Statistics 20 software package to test for effects of dancing experience 
and, for illustrative purposes, to show correlations with the vestibular measures. 
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3.3 Results 
3.3.1 Psychophysical results 
As previously reported in Chapter 2 supra-threshold vestibular test, dancers had reduced 
VOR and perceptual responses than controls (Fig. 2.8). Moreover, a significant correlation 
was found between VOR and perceptual TCs in controls but not in dancers suggesting a 
dissociation of the two responses following vestibular training (Fig. 2.9).  
3.3.2 Imaging results 
A whole brain voxel-wise comparison analysis comparing the GM and WM between the two 
groups was performed using a single design matrix. A second design matrix was employed 
to perform the voxel-wise correlation analysis with the vestibular psychophysical measures, 
corrected for multiple comparisons with all significant findings (p<0.05) following 
correction reported. For clarity the significant findings have been split under subheadings 
which discuss each finding separately. 
(1) Grey matter (GM) analyses 
Ballet dancing is associated with reduced grey matter density in the vestibular cerebellum 
A whole brain voxel-wise comparison analysis comparing GM in the dancers versus controls 
showed significant reductions in the posterior cerebellum bilaterally (Figure 3A) in lobules 
VIII and IX  (Right cerebellum region: tmax = 4.21, P < 0.05, size = 400 voxels [x=20, y=-58, z =-
58 mm]; Left cerebellum region: tmax= 4.67, P < 0.05, size = 103 voxels [x=-18, y=-62, z=-62 
mm; corrected for multiple comparisons; Figure 3.1A). Lobules VIII and IX form part of the 
vestibular cerebellum, which is important in processing vestibular information in humans 
(Kheradmand and Zee, 2011; Barmack, 2003). Post-hoc correlation analysis revealed that 
the mean GM of the significant cerebellum cluster negatively correlated with dancing 
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experience (Figure 3B; r = -0.39, P < 0.05). Therefore, dancers with greater experience 
tended to have smaller vestibular cerebellar GM density.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 A Whole brain GM comparison showed a reduction in GM density in the posterior 
cerebellum in dancers compared to controls (Dancers < Controls, p<0.005 corrected). This region 
was then used as a mask (brown outline shows the edges of the mask) in subsequent GM analyses 
(see Figure 3.2). B The mean GM density of the Dancers < Controls region (A) negatively correlates 
with the relative dancing experience (1 = maximum dancing experience). Bar indicates t values. R, 
Right; L, left. 
 
A single area in the right superior orbitofrontal cortex (Fig. 3.2) 
showed increased GM in the dancers (Dancers > Controls; tmax 
= 3.32, P < 0.05, size = 28 voxels [x=26, y=66, z=2 mm]). We did 
not have any a priori hypothesis for such a cortical cluster 
however recent data (Taubert et al., 2010) supports a role for 
this region in balance training (see Discussion section). 
Figure 3.2 Increase in GM of 
right superior orbitofrontal 
cortex in dancers  
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Dancers show an abnormal relationship between grey matter density and vestibular 
perceptual processing in the vestibular cerebellum  
The relationship between GM structure and vestibular processing was then investigated in 
the posterior cerebellar region that showed a group difference (Dancers > Controls) in 
structure (see Fig. 3.1A for the posterior region used as a mask for this analysis). A 
significant interaction was found between groups and the relationship between GM 
structure and perceptual TC (Fig. 3.3). Specifically, in this posterior cerebellar region the 
correlation between perceptual TCs and GM was positive for dancers but negative for 
controls (Fig. 3.3; Right cerebellum cluster, tmax = 3.71, P < 0.05, size = 371 voxels [x=14, y=-
46, z=-60 mm; Left cerebellum cluster, tmax = 3.87, P < 0.05, size = 96 voxels [x=-18, y=-62, 
z=-60 mm]; corrected for multiple comparisons). Therefore, dancers and controls share a 
region in the posterior cerebellum where GM density correlates with perceptual TCs but 
critically in an incongruent manner between groups.  
 
 
 
 
 
 
 
Dancers and controls show a similar relationship between grey matter and ocularmotor 
processing in the vestibular cerebellum 
A similar analysis was then performed to investigate the relationship between GM and the 
ocularmotor TC. In contrast to perceptual processing, ocularmotor TCs were negatively 
correlated in both dancers and controls with GM density in the posterior cerebellum (tmax = 
3.82, P < 0.05, size = 181 voxels [x=14, y=-44, z=-56 mm]; corrected for multiple 
Figure 3.3 Intergroup interaction analysis revealed a cluster where GM density shows opposing 
correlations for perceptual TCs in dancers and controls (p<0.05, corrected). An outline of the mask 
used in this analysis is shown in brown. Bar indicates t values. R, Right; L, left. 
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comparisons) with no areas showing a group interaction for this relationship. Therefore, 
dancers and controls share a region in the posterior cerebellum where GM density 
correlates with ocularmotor TCs in a congruent manner between groups.  
Grey matter correlates of vestibular perceptual adaptation  
Within the two groups the relationship between GM and ocularmotor and perceptual TCs 
was then investigated. For dancers, GM density in part of the vestibular cerebellum was 
negatively correlated with ocularmotor TCs but positively correlated with perceptual TCs 
(Fig. 3.4, left panel) (tmax = 3.53, P < 0.05, size = 268 voxels [x=12, y=-46, z=-62 mm]; 
corrected for multiple comparisons). In contrast, for controls, GM density was negatively 
correlated for both ocularmotor and perceptual TCs in a partially overlapping part of the 
vestibular cerebellum (Figure 3.4, right panel) (tmax = 3.24, P < 0.05, size = 94 voxels [x=14, 
y=-44, z=-56 mm]; corrected for multiple comparisons).  
 
 
 
 
 
 
 
 
 
 
Figure 3.4 In dancers (left panel), GM density correlates negatively with ocularmotor TC and 
positively with perceptual TC, whilst in controls (right panel) with both ocularmotor and perceptual 
TC correlated negatively with DM density.  An outline of the mask used in this analysis is shown in 
brown. The inset graphs illustrate the correlations by plotting mean GM value of the significant 
cluster for each subject with the corresponding psychophysical measures. The significant clusters 
are shown at p<0.05 (corrected) superimposed on a structural T1 image (grey) with Talairach 
coordinate (mm). Bar indicates t values. R, Right; L, left.  
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Therefore, in controls, both a shorter VOR and perceptual TC is associated with greater 
vestibular cerebellar GM density. In dancers, shorter VOR TCs are associated with greater 
vestibular cerebellar GM density, but shorter perceptual TCs are associated with smaller 
vestibular cerebellar GM density. Given that shorter TCs are the hallmark of vestibular 
training as seen in dancers, these data imply that in the adapted state (dancers) but not in 
the normal state (controls), the relationship between GM density and function is dissociated 
between reflex and perception. 
(2) White matter (WM) analyses 
Dancers and controls show a similar relationship between white matter and perceptual 
responses in the temporo-parietal region 
A whole brain WM analysis showed a WM cluster (Fig. 3.5A) where the relationship 
between FA (i.e. fractional anisotropy ) and perceptual TC was the same for both groups (i.e. 
here, FA positively correlated with perceptual TCs for both groups). The WM cluster was 
largely within the superior longitudinal fasciculus, with the cluster maximum in the 
temporo-parietal region (tmax = 4.67, P < 0.05, size = 10659 voxels [x=-35, y=-27, z=44 mm]; 
corrected for multiple comparisons). Pertinently, the temporoparietal cortex is an area 
previously proposed to have a prominent role in processing vestibular sensations (zu 
Eulenburg et al., 2012). Note that no such relationship was found between the groups for 
ocularmotor TCs and cortical FA, in any cortical WM region.  
Dancers and controls show a different relationship between white matter and perceptual 
responses in the frontal cortical region 
Figure 3.5B shows the WM region (primarily the inferior fronto-occipital fasciculus and 
anterior thalamic radiation) within which FA levels showed an opposite relationship with 
perceptual TCs in dancers versus controls (tmax = 4.58, P < 0.01, size = 205 voxels [x=26, y=-
28, z=28 mm]; corrected for multiple comparisons).  
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Thus, vestibular perceptual measures correlated in a similar manner in both groups with 
WM microstructure in temporo-parietal regions but correlated differently in the regions 
extending to the frontal cortex. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lack of white matter neuroanatomical correlate for perceptual responses in dancers 
In the dancers’ group no WM clusters were found displaying significant correlations with 
perceptual TCs. In contrast in the controls a widespread bilateral cortical WM network was 
found where FA level showed a highly significant positive correlation with perceptual TCs 
Figure 3.5 Results of the WM analysis. A Whole-brain correlation analysis revealed significant WM 
regions, centred in temporo-parietal areas, where FA positively correlates with perceptual TCs in 
both dancers and controls. B Significant WM regions extending to the frontal cortex in which FA 
positively correlates with perceptual TCs in controls and negatively correlates with TCs in dancers. 
Color bars indicates t values. The inset graphs, with corresponding r values, demonstrate the 
correlations of the mean FA value of the significant cluster for each subject with perceptual TCs. All 
significant clusters are shown P<0.05 (corrected) superimposed on a structural T1-image (grey) and 
the skeletonized FA image (blue). Sagittal views of the right and left hemispheres are shown for 
each analysis. The right hemisphere view is of a plane defined by the “x=26” Talairach coordinate 
(mm) and the left hemisphere by the “x=−26” Talairach coordinate (mm). Anterior and posterior are 
as indicated. 
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(Fig. 3.6A) (tmax = 5.52, P < 0.001, size = 1096 voxels [x=26, y=-28, z=28 mm]; corrected for 
multiple comparisons) with the cluster maximum in the right temporo-parietal WM. For 
illustrative purposes, this WM network was superimposed onto transparent model of 
structural 3-D brain to show the widespread connections with potential right hemispheric 
dominance related to perceptual responses (Fig. 3.6B).    
In summary, the DTI analyses showed that perceptual TCs correlated with an extensive 
cortical WM microstructure network in the controls, a finding notably absent in dancers. In 
addition, a common temporoparietal region was identified where WM microstructure (FA) 
correlated with perceptual TC in the same way in both groups. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Results of the WM analysis. A In the control group only, a strong positive correlation 
(p<0.05, corrected) is found between WM FA levels and individual perceptual TC values in a 
widespread cortical white matter network (orange). This network is superimposed on a 3-D image (B) 
for illustrative purposes to see the extent of the connections in coronal (top) and axial (bottom) brain 
views.  R, Right; L, left 
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3.4 Discussion  
The results demonstrate that long term repetitive vestibular stimulation results in a smaller 
GM density in the vestibular cerebellum (specifically in lobules VIII and IX) and this site 
appears to be the neuroanatomical correlate of perceptuo-reflex dissociation. This suggests 
that training-related cerebellar changes can differentially affect the processing of vestibular 
perception versus reflex function. Here, a measure of vestibular perception that correlated 
with WM microstructure in a cerebral cortical network in controls was not observed in 
dancers, an observation that may be behaviourally relevant since dancers show habituated 
dizziness responses compared to controls. 
3.4.1 Grey matter neuroanatomical correlate of perceptuo-reflex coupling 
Normally, perceptual responses are tightly coupled to low-order reflex responses allowing a 
prediction of one from the other. Such perceptuo-reflex coupling was seen in controls, 
which replicates previous reports of such a correlation in healthy individuals (Okada et al., 
1999) and cerebellar patients (Bertolini et al., 2012). However, as mentioned in Chapter 2, 
the perceptual responses were uncoupled in dancers demonstrating that chronic vestibular 
stimulation leads to adaptation mechanisms that result in both an uncoupling of perceptuo-
reflex congruency and an attenuation of vertigo sensation. Here, the current findings have 
determined that the neuroanatomical site of this uncoupling as part of vestibular 
habituation lies within the vestibular cerebellum (Fig. 3.4). 
The vestibular cerebellum is known to be critical for modulating both the VOR TC and the 
vestibular perceptual TC (Kheradmand and Zee, 2011; Waespe et al., 1985). Previous reports 
demonstrating a correlation between vestibular ocular and perceptual TCs (Bertolini et al., 
2012; Bronstein et al., 2008; Okada et al., 1999) suggest the concept of a single velocity 
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storage mechanism for both oculomotor and perceptual processing. In contrast, 
pharmacological manipulation of cerebellar function (Shaikh et al., 2013) differentially 
affected VOR and perceptual TCs, implying at least some degree of functional distinction 
between cerebellar circuits processing VOR versus vestibular perception. The current data 
confirm that the cerebellum processes both vestibular ocular and perceptual signals but 
with a degree of functional and neuroanatomical separation. This would enable vestibular 
adaptation to differentially affect ocular or perceptual function according to ecological 
need. In dancers, a post-pirouette reduction of vertigo is critical for maintaining their 
balance and spatial orientation. Hence, during the early stage of training, the active effort to 
suppress dizziness potentially results in a top down modulation of subcortical neuronal 
networks, specifically those that are implicated in relaying signals to perceptual regions. In 
the long term, this may result in the altered functional and anatomical relationship between 
vestibular cerebellar GM and perception, as seen in current findings. Hence, the results 
emphasise the importance of the vestibular cerebellum in the differential processing of 
vestibular ocular versus perceptual signals. 
The finding of a training-related reduction of GM density in dancers’ vestibular cerebellum 
(Fig. 3.1) contrasts with most previous reports showing increases in brain GM (often 
cerebral cortex) in relation to skill acquisition (Taubert et al., 2010; Scholz et al., 2009; Ilg et 
al., 2008; Boyke et al., 2008; Draganski et al., 2004; Maguire et al., 2000). Relatively few 
studies have reported reductions in GM following training or in expert groups (Hufner et al., 
2011; Taubert et al., 2010; Hanggi et al., 2010). The obvious question is why should reduced 
cerebellar GM density accompany skill acquisition when patients with cerebellar disease 
manifest atrophy. Patients’ vestibular behavioural measures are not however analogous to 
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dancers’, since cerebellar patients may display either increased or decreased TC durations 
(Bertolini et al., 2012; Jeong et al., 2007; Heide et al., 1988; Hain et al., 1988) and secondly, 
unlike dancers, cerebellar patients’ perceptual and reflex TCs are correlated (Bertolini et al., 
2012; Bronstein et al., 2008). One explanation for dancers’ GM loss could relate to the age 
and duration of training since dancers’ typically start training in childhood (Penhune, 2011). 
In comparison, previous studies showing training-dependent GM enlargement involved 
learning a new skill over weeks to months (Scholz et al., 2009; Boyke et al., 2008; Draganski 
et al., 2004). Indeed, although training-related GM increases occur in early phases of 
learning, once learning is established, GM density reverts back to original levels with 
maintained performance (Driemeyer et al., 2008). Another explanation for lower cerebellar 
GM in dancers may relate to the degree of automaticity of the task. Since dancers would 
always want to suppress dizziness/ vertigo, a hard wired circuit with little flexibility could 
suffice, resulting in GM loss in tandem with training. In contrast to the cerebellar findings, 
noticeable in the whole brain GM analysis was a single cortical cluster showing increased 
GM density in dancers in the superior orbito-frontal cortex (Fig. 3.2). This region was 
previously identified (Taubert et al., 2010) as correlating with motor performance in a whole 
body balancing task. One faculty that should be expanded in dancers and requiring high 
levels of flexibility (in stark contrast to the vestibular TC) would be a repertoire of motor 
skills consequent upon years of dance training. Whether such a faculty could relate to this 
lone cortical GM expansion and whether the GM expansion relates to greater behavioural 
flexibility, is speculative. 
3.4.2 Cortical white matter neural correlate of vestibular perception  
This study is the first to my knowledge to assess vestibular processing using DTI analysis. The 
main DTI result was that vestibular perceptual measures correlated with a widespread 
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cortical bilateral WM (FA) network in controls implying that self-motion perception is 
mediated by a network of cortical regions (Fig.3.6). An important negative finding was that 
cortical DTI measures did not correlate with ocular TCs in any group confirming the 
importance of subcortical structures for automatic ocular processing. An identical within 
group analysis for dancers did not show any correlation between cerebral cortex WM 
microstructure and vestibular perception. Dancers are known to have habituated perceptual 
response and this habituation could be related to a relatively poorly developed WM 
network mediating self-motion perception (Note that the lack of DTI correlation with 
dancers’ perceptual TCs was unlikely to be simply related to a reduced range of their TCs 
available for the correlation since their TC range was similar to the controls). 
To identify a common core region mediating vestibular perception, brain regions were 
identified that show a congruent relationship for the two groups between perception and 
WM microstructure. The DTI analysis, consistent with previous data, showed that the white 
matter in the temporoparietal region appears to represent a core vestibular perceptual 
region (Brandt and Dieterich, 1999; Kahane et al., 2003b; zu Eulenburg et al., 2012). 
Moreover, this network appeared predominantly in the right hemisphere (Fig. 3.5A) 
supporting laterisation of the vestibular processing (Dieterich et al., 2003; Arshad et al., 
2013b).   
To link the observed cerebellar GM reduction and diminished cortical WM perceptual 
correlate in dancers, a possible explanation would entail a cerebellar gating mechanism that 
decreases the amount of vestibular perceptual signals transmitted to the cortex. Such 
cerebellar gating could result in a less well developed WM network mediating vestibular 
perception of self-motion.  
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3.4.3 Clinical Relevance  
As mentioned in Chapter 1, to improve current approach of investigation and treatment of 
patients with vestibular disorders, an understanding of the brain mechanisms underlying 
vestibular training and its impact upon reflex and perceptual vestibular mechanisms is of 
fundamental importance. The finding that repeated vestibular stimulation causes an 
uncoupling of vestibular perception and reflex at both behavioural and neuroanatomical 
levels suggests that it is an advantageous response to suppress unwanted dizziness. Hence, 
the use of vestibular training as part of vestibular physiotherapy is essential in promoting 
this dissociation when recovering from a peripheral or central vestibular dysfunction. 
Moreover, reflex and perception may respond differentially to training, treatment 
monitoring should include vestibular perceptual measures and not only traditional 
measures of VOR function.  
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Chapter 4: Neural mechanisms of visual desensitisation 
Preface 
Prolonged exposure to visual motion results in a selective reduction in sensitivity to the 
adapting visual motion stimulus. Behaviour observations of visual adaptation (e.g. motion 
aftereffect) are well documented but the underlying neural mechanism is still unclear. In this 
Chapter, subjects were exposed to unidirectional visual motion adaptation and, using 
transcranial magnetic stimulation-induced phosphenes, early visual cortex (V1) excitability 
was assessed whilst viewing motion in the adapted and non-adapted direction. Following 
adaptation, the probability of perceiving a phosphene whilst viewing motion in the adapted 
direction was diminished reflecting a reduction in V1 excitability. Conversely, V1 excitability 
was enhanced whilst viewing motion in the opposite direction to that used for adaptation. 
However, V1 excitability showed a general reduction (decrease was greater than the relative 
increase) but such adaptive change was short term, fading after 5 mins. In summary, the 
findings suggest that a process of reciprocal inhibition between oppositely tuned 
directionally selective neurones in V1 facilitates motion perception. Furthermore, a single 
exposure to visual motion stimulus is not sufficient to cause a long-term adaptive effect, 
hence the findings suggest that repeated exposure may be critical in facilitating long-term 
visual motion desensitisation of benefit to vestibular disorder patients.  
4.1 Introduction 
In order to combat vestibular function deficiency following peripheral or central vestibular 
disorder, a process of “sensory substitution” takes place to increase the use of visual cues 
(Curthoys, 2000; Dieterich et al., 2007; Lacour et al., 1997). This process is thought to be 
important in promoting vestibular compensation and indeed animal studies have shown 
that visual deprivation leads to reduced recovery following a vestibular lesion, whereas 
vestibular exercise under visual control accelerated compensation (Igarashi et al., 1981; Burt 
and Flohr, 1991; Zennou-Azogui et al., 1996; Fetter et al., 1988). However, ineffective 
vestibular compensation may lead to chronic over-reliance on visual information that results 
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in increased visual dependency in patients (Bronstein, 1995; Lopez et al., 2006; Lopez et al., 
2007). It is thought that increased visual dependency causes the patients to show 
abnormally large perceptual responses to disorientating visual stimuli (Redfern and Furman, 
1994; Bronstein, 1995). This can have significant impact in everyday life as symptoms of 
vertigo, dizziness and disorientation are triggered or aggravated in busy visual scenes such 
as traffic and supermarket aisles, in a condition of visual vertigo (Bronstein, 1995; Bronstein, 
2004; Pavlou et al., 2006). Patients suffering visual vertigo in the chronic stages of the 
vestibular insult benefit from exercises that combine visual as well as vestibular stimuli. 
Often the patients are asked to watch a moving optokinetic drum (that produces OKN) in 
order to reduce sensitivity to visual motion as part of an adaptation mechanism to cause 
visual desensitisation, and thus reducing dependency on visual information (Pavlou et al., 
2013; Vitte et al., 1994).  
The question arises of what underlying neural changes take place as part of this adaptation 
mechanism to visual motion? It is widely acknowledged that for visual motion processing 
the primary visual cortex (V1) and the extrastriate motion areas (V5) play a critical part (Zeki 
et al., 1991). A characteristic feature of visual cortical processing is the presence of 
direction-selective neurons that give large responses in their ‘preferred’ direction versus 
motion in the opposite (null) direction (Hubel, 1959; Hubel and Wiesel, 1968). In V1, specific 
populations of directional selective neurones are organised into subcolumns with each 
subcolumn preferring motion in a different direction (Elstrott and Feller, 2009). Generally, 
V1 direction-selective cells are thought to mediate detection of motion in a specific 
direction by combination of two models: (1) ‘Excitatory model’ in which the outputs from 
individual neurons facilitate each other during motion in their preferred direction (2) 
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‘Inhibitory model’ in which the null motion causes inhibition that cancels out the excitatory 
inputs from subsequent neurons (Elstrott and Feller, 2009).   
Adaptation to visual motion has a direction relevance to visual perception. This is often 
showed by a ‘motion aftereffect’ (MAE) when subsequent to viewing an adaptation stimulus 
(e.g. optokinetic stimulus moving in the rightward direction) viewing a static stimulus results 
in an illusionary perception of the stimulus moving in the opposite direction (e.g. movement 
in the leftward direction) (Mather et al., 2008; Anstis et al., 1998). Another example of 
motion adaptation is elevation of motion detection thresholds in the adapting direction (Hol 
and Treue, 2001; Raymond, 1993). For example, prolonged viewing of rightward OKN 
stimulus will reduce the ability to detect subsequent rightward OKN motion (i.e caused by 
desensitisation to the rightward motion). It has been proposed that adaptation fatigues cells 
that are direction-selective to the adapting stimulus so that they become less responsive 
(Saul and Cynader, 1989; Sutherland, 1961). Such diminished responsiveness has been 
reported in directional selective units of the rabbit retina (BARLOW and HILL, 1963), primary 
visual cortex of the cat (Hubel and Wiesel, 2009) and in the macaque area MT, although 
changes observed in this area following visual motion adaptation were likely to be inherited 
from V1 (Kohn and Movshon, 2003).  
Critically however, despite the aforementioned animal data no study to date has attempted 
to assess the effects of direction specific, visual motion adaptation upon early visual cortical 
excitability in humans. In order to address this question healthy subjects were exposed to 
unidirectional optokinetic motion and assessed any potential effects of motion adaptation 
upon the V1 cortical excitability. To specifically examine changes in visual cortical 
excitability, single pulse transcranial magnetic stimulation (TMS) was used to elicit focal 
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stimulation of V1, which causes a brief illusory percept of light termed “phosphenes”. The 
probability of evoking a phosphene has been shown to relate to the underlying visual 
cortical excitability (Boroojerdi et al., 2002; Bestmann et al., 2007; Aurora and Welch, 
1998; Romei et al., 2007; Guzman-Lopez et al., 2011). This allowed (1) direct comparison of 
the V1 excitability before and after visual motion adaptation, and (2) elucidating the 
direction-specific effect of motion adaptation upon the underlying V1 excitability.  
4.2 Methods 
4.2.1 Subjects  
Twelve right handed subjects (8M: 4F; mean age 24.5 years; age range 18-36 years) 
participated in the study. All had previous experience of perceiving phosphenes in TMS 
experiments, but all were naïve to the purpose of this study. All subjects were screened to 
ensure there was no history of migraine, visual deficits, neurological problems or any other 
TMS contraindications. All participants provided written informed consent prior to the 
experiment which was approved by the local ethics research committee.  
4.2.2 Visual Stimulus 
The adapting visual stimulus consisted of a 1.44 m diameter drum marked with black and 
white vertical stripes at 0.1 cycles/o (Fig. 4A), viewed at a fixed distance of 0.72m. Subjects 
viewed the drum through a pair of binoculars fixed to the chair. In the right eyepiece a 
reversing prism was housed, whilst a blank lens of equal optical density (i.e. to ensure no 
changes in spatial frequency) was housed in the fellow eyepiece. These lenses were freely 
transferable between each eyepiece (Fig. 4A). The visual stimulus was rotated at a constant 
velocity of (30o/s) either rightwards or leftwards in order to generate the visual motion 
stimulus. Application of LCD transistor shutter goggles (PLATO Translucent Technologies Inc. 
Canada) allowed for the selective occlusion of either eye (i.e. viewing the motion with or 
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without the reversing prism) thereby allowing for the perceived direction of motion to be 
reversed despite the drum always rotating in the same physical direction, as illustrated in 
Figure 4.1B.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Experimental set up. A Subjects were seated on the chair with the TMS coil positioned 
over early visual cortex (V1). Subjects viewed the rotating black and white drum through the shutter 
goggles. Eye movements were recorded using DC-EOG. B The drum was rotated either leftwards or 
rightwards resulting in perception of the real or reversed motion depending on the viewing eye.  
80 
 
4.2.3 Transcranial Magnetic Stimulation (TMS) 
Location of TMS stimulation 
Biphasic TMS pulses were administrated with a MagPro X100 stimulator (MagVenture A/S, 
Denmark). The coil was a 100 mm figure of eight shaped coil, always held with the handle 
turned laterally (Fig. 4.1A). V1 stimulation site was localised using a functional method by 
placing the coil centrally over the inion then moving it in 1 cm steps dorsally until the 
brightest stationary phosphene percept in the centre of the visual field is observed. The 
participants were asked to verbally describe the phosphenes and their perceived location in 
terms of its position, superimposed on an imagined clock face. The coil position was 
recorded for every participant with an average position of 1.9 cm above the inion. Initially, 
the intensity of the stimulation was set at 70% of maximum TMS output, but this was 
increased if the participants did not perceive phosphenes.  
This functional approach of V1 localisation and stimulation has been implemented in the 
majority of phosphene studies (Walsh and Pascual-Leone., 2003; (Silvanto et al., 2005) but 
stimulation of nearby areas such as area V2 cannot be ruled out. However, V1 is the most 
likely site of stimulation to produce phosphenes in the centre spanning both visual fields 
(Kammer et al., 2001) and furthermore perception of phosphenes is not possible without 
involvement of V1 (Pascual-Leone and Walsh, 2001; Cowey and Walsh, 2000). Hence, it can 
be referred that any effects observed in this study are attributable to changes in V1 
excitability. Moreover, it has been shown that the functional approach of V1 localisation 
produces comparative results to the neuro-navigation technique (Pascual-Leone and Walsh, 
2001; Soto et al., 2012).  
Using TMS to probe visual cortical excitability 
Application of a single TMS pulse over the occipital cortex elicits the illusionary percept of a 
brief flash of light termed a phosphene (Boroojerdi et al., 2002). Elicitation of a phosphene 
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is reflective of the underlying visual cortical excitability (i.e. such that if low intensities of 
TMS can elicit phosphenes it represents a high underlying visual cortical excitability and vice 
versa) (Romei et al., 2007). Thus, in order to account for this TMS was applied at each 
individual subject’s phosphene threshold intensity. Application of the TMS at threshold 
would allow any potential effect in the rate of phosphene perception (i.e. any possible 
enhancement or reduction) to be equally observed following an intervention (i.e. visual 
motion adaptation). The threshold was determined by implementing a modified binary 
search (MOBS) paradigm (Tyrrell and Owens., 1988). This paradigm allowed us to determine 
the TMS intensity required to elicit phosphenes 50% of the time (i.e. threshold) during a trial 
sequence (e.g. 10 yes responses out of 20 TMS pulses). The paradigm is an adaptive 
procedure whereby the initial stimulus value (TMS pulse) is presented at a value which 
represents the bisection of an initial upper and lower boundary pair. These boundary pairs 
are continually updated based upon the subjects prior response to each TMS pulse (e.g. a 
positive subjective response will shift the boundary downwards and vice versa). The actual 
threshold was determined after subjects made 3 consecutive alternate choices in order to 
minimise variability (Johnson and Shapiro et al., 1989). TMS was applied at phosphene 
threshold in all subjects and the mean threshold found was 64.9% (SD = 6.5%; range 53 to 
75%) of the maximum stimulator output.  
4.2.4 Experimental Protocol  
Baseline assessment of visual cortical excitability  
At the beginning of each session, subjects were first required to perform 20 degree 
horizontal saccades in order to calibrate the eye signal. Following localisation of the central 
V1 cortical area, subjects’ individual phosphene thresholds was determined using the MOBS 
paradigm (as described) in dim lighting with both eyes open. Subsequently a baseline visual 
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cortical excitability assessment was established using a trial of 20 pulses with each pulse 
separated by 6 seconds in order to ensure the threshold values were consistent (Fig. 4.2, 
Baseline stationary). Similarly, since the assessment of visual cortical excitability involved 10 
pulses delivered whilst viewing the stationary drum with the right eye and the other 10 
when viewing with the left eye, an additional assessment could be performed to investigate 
whether the viewing eye could potentially influence phosphene perception. 
Pre-adaptation assessment of direction specific visual cortical excitability   
Following the baseline assessment, the drum was rotated at a constant velocity of 30o/s, 
either rightwards or leftwards dependent upon the session. For example, in session 1 
(rightward drum rotation) 40 pulses of TMS were delivered in total over V1, 20 pulses during 
rightward motion and 20 pulses during leftward motion, by altering the viewing eye and 
therefore the direction of motion with the shutter goggles after every 5 TMS pulses. As in 
the baseline assessment each pulse was separated by 6 seconds. Following each pulse of 
TMS, subjects were required to respond verbally (“yes or no”) to report whether they 
perceived a phosphene, which was recorded by the experimenter. This pre-adaptation 
assessment was to measure any potential difference in cortical excitability when viewing 
rightward versus leftward motion before visual adaptation. 
Visual motion adaptation   
Visual adaptation to motion involved viewing the drum with both eyes open (prism free as 
to avoid any potential confounds attributable to interocular transfer (Howarth et al., 2009) 
rotating at a constant velocity of 30o/s, either rightward or leftward (dependent upon the 
session) for 4 minutes. 
Observation of online eye movement (nystagmus) recordings allowed to objectively ensure 
that the adapting stimulus was adequately visually attended to by the subject.  Rotation of 
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the drum (visual stimulus) elicited optokinetic nystagmus (right beating nystagmus during 
leftward motion and left beating nystagmus during rightward drum motion 
Post-adaptation assessment of direction specific visual cortical excitability 
Following the adaptation period, visual cortical excitability was re-measured using 40 TMS 
pulses as in the pre adaptation assessment of visual cortical excitability (i.e. 20 TMS pulses 
during rightward motion and 20 TMS pulses during leftward motion by altering the viewing 
eye after every 5 TMS pulses). Thus, measures of cortical excitability were obtained during 
visual motion in the adapted direction (e.g. viewing rightward motion following rightward 
motion adaptation) and in non-adapted direction (e.g. viewing leftward motion following 
rightward motion adaptation).  
Direction of curtain rotation, order of eye viewing first and direction of adaptation were 
randomised in accord with a balanced experimental design to avoid any order effects. The 
experiment consisted of two separate sessions on separate days (2 weeks apart) for testing 
rightward and leftward motion adaptation, to avoid any potential carry over effects.     
Control experiment: Return to baseline values 
TMS studies often re-measure the baseline visual cortical excitability following the 
intervention to ensure a return to baseline has occurred (Guzman-Lopez et al., 2011). In the 
current experimental protocol the drum keeps rotating in the same physical direction 
therefore an assessment of a second baseline would be biased as a result of a differential 
state of adaptation. For example, during rightwards motion following rightward motion 
adaptation the subject continues to view visual motion in the adapted direction for half of 
the time resulting in the rightward population of neurones continually receiving more 
adaptation than the leftward population. Therefore, a separate control condition was 
deployed in 6 subjects all of whom previously participated in the main experiment. As in the 
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main experiment a baseline and pre-adaptation assessment of direction specific visual 
cortical excitability was made. The subjects were then adapted to leftward motion for 4 
minutes. At this point the drum was stopped (i.e. no visual motion) for 5 minutes and the 
subject sat in dim illumination for the duration of this recovery period. Following the 
recovery period the drum was rotated and post-adaptation assessment of visual cortical 
excitability was made, as per the main experiment (when motion was perceived in the two 
directions).      
4.2.5 Statistical analysis 
The analysis of within-subject repeated measures (ANOVA) was employed to compare 
phosphene probabilities between the different experimental conditions. For effect of visual 
motion adaptation experiment, the ANOVA analysis comprised the within-individual factors: 
TMS condition (baseline stationary, baseline moving, after adaptation), direction of visual 
motion adaptation (leftwards, rightwards) and adaptation state (motion adapted, motion 
non-adapted). For the time course of the experimental effect, ANOVA with the factors of 
time epoch (epoch 1,2,3 and 4) and adaptation state (motion adapted, motion non-adapted) 
was used. For the control experiment, ANOVA with the factors adaptation state (motion 
adapted, motion non-adapted) and TMS condition (baseline stationary, baseline moving, 
after adaptation) was used. Post hoc tests were applied using Bonferroni corrections for 
multiple comparisons, signiﬁcance was established at P<0.05. Sphericity in the ANOVA 
model was examined using Mauchley’s test. For non-spherical data the Greenhouse–Geisser 
correction was used. Statistical analyses were performed using SPSS 20.  
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4.3 Results 
4.3.1 Main TMS Experiment 
Effect of eye viewing on phosphene perception 
There was no statistically significant difference in phosphene perception whether viewing 
the stationary drum with either the left or right eye (Fig. 4.2A and B, Baseline stationary) 
(p=0.84, F=0.05, df=1, Repeated measures ANOVA) 
Effect of visual motion on cortical excitability 
ANOVA with TMS condition (3 levels), direction of visual motion adaptation (2 levels) and 
adaptation state (2 levels) indicated significant factors of adaptation state (p<0.001, F=56.9, 
df=1) and TMS condition (p=0.001, F=14.2, df=1), and a significant interaction between TMS 
condition*adaptation state (p<0.001, F=26.7, df=1.26). There was a significant increase in 
excitability during visual motion from baseline stationary measurements (Fig. 4.2A and B, 
Baseline motion) (p=0.006, pairwise comparisons, factor: TMS condition, ANOVA). 
Importantly, there was no directional bias to motion in a specific direction such that 
phosphene perception was equal during either leftward or rightward motion (p=0.911, 
pairwise comparisons, factor: direction of visual motion adaptation, ANOVA). 
Effects of visual motion adaptation on cortical excitability 
The results are illustrated separately for rightward motion adaptation (Fig. 4.2A) and for 
leftward motion adaptation (Fig. 4.2B). Post hoc tests reveal direction specific visual 
adaptation induced an asymmetric state of visual cortical excitability (Fig. 4.2), such that 
when compared to “Baseline motion” condition following adaptation period, subjects 
perceived phosphenes on average 44.9% (SD=24.5%) less frequently during TMS measures 
of V1 excitability when viewing motion in the same direction to that used for adaptation (i.e. 
in the adapted direction) (for Rightward motion adaptation: p<0.001, t=6.61, paired t-test; 
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for Leftward motion adaptation: p<0.001, t=4.75, paired t-test). However, measures of 
visual cortical excitability tested during viewing motion in the opposite direction to that 
used for adaptation (i.e. in non-adapted direction), demonstrated a significant increase (for 
Rightward motion adaptation, p<0.05, t=3.0, paired t-test; for Leftward motion adaptation, 
p<0.01, t=3.44, paired t-test).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Following rightward (A) and leftward (B) visual motion adaptation, the probability of 
subjects perceiving a phosphene (Pλ) is significantly reduced when viewing motion in the motion 
adapted direction and significantly increased when viewing motion in non-adapted direction. The 
inset panels on the right show data for all 12 individuals. Error bars represent standard errors. Data 
marked ** is significant at p<0.01; data marked * is significant at p<0.05. 
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Since leftward and rightward motion adaptation produced similar results (Fig. 4.2), the two 
adaptation directions were grouped together and are simply referred to as ‘adapted motion’ 
(same direction as the adaptation stimulus) and ‘non-adapted motion’ (opposite direction to 
the adaptation stimulus). Asymmetrical modulation of V1 excitability with both inhibitory 
and excitatory changes was seen so to find out the predominant effect, I assessed the 
overall V1 excitability change. This was done by calculating the probability of seeing a 
phosphene from all 40 TMS pulses delivered after adaptation (‘Motion adaptation’ 
condition with response for adapted and non-adapted motion) (Fig. 4.3). A significant 
within-subject effect of the condition (baseline stationary, baseline motion, motion 
adaptation) was found (p<0.001, F=13.4, df=2; ANOVA). Post-hoc paired t-tests reveal an 
increase in probability of seeing a phosphene when viewing motion (baseline stationary vs 
baseline motion; p=0.004, t-test Bonferonni corrected) and significant reduction of Pλ 
following motion adaptation (baseline motion vs motion adaptation; p=0.001, t-test 
Bonferonni corrected) (Fig. 4.3).   
 
 
 
 
 
 
Time course of the effect 
Following visual adaptation 40 pulses of TMS were applied at phosphene threshold 
intensity, separated by interval gaps of 6 seconds. Therefore, the total duration of the test 
Figure 4.3 Viewing visual motion results 
in increased probability of perceiving a 
phosphene (Pλ). Motion adaptation 
causes a general reduction in the Pλ 
compared to viewing motion at 
baseline. Error bars represent standard 
errors. Data marked ** is significant at 
p<0.01 
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phase immediately following adaptation was 4 minutes (i.e. 40 pulses x 6s =240 s).  Thus, to 
determine the specific time course of the effect, the pulses that were delivered whilst 
viewing the adapted motion direction (20 TMS pulses) were separately analysed from the 
ones delivered whist viewing the non-adapted motion direction (20 TMS pulses) (Fig. 4.4). 
Furthermore, for each condition the 20 pulses were binned into 4 epochs each representing 
5 TMS pulses. The asymmetrical modulation was maintained throughout the test phase 
(p<0.001, F=182.5, df=1, factor: adaptation state; repeated measures ANOVA; Fig. 4.4).  
 
 
 
 
 
 
 
 
 
 
 
Visual adaptation induced a persistent reduction in visual cortical excitability in the adapted 
direction so that the excitability of V1 did not significantly change for the entire duration of 
the post adaptation measuring phase (i.e. 4 minutes) (p<0.05, F=1.28, df=3, factor: time 
epoch, one way ANOVA; Fig. 4.4). However, the hyper-excitability that was observed during 
viewing of motion in the non-adapted direction was significantly reduced over the 4 minute 
Figure 4.4 Time course of the effect of visual motion adaptation over the 4 minute post adaptation 
testing period. A reduction in the hyper-excitability effect is observed during viewing motion in the 
non-adapted direction. The probability of perceiving a phosphene (Pλ) whilst viewing motion in the 
adapted direction remained diminished across all 4 epochs. Error bars represent standard errors. 
Data marked * is significant at p<0.05. 
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post adaptation testing period (p=0.017, F=3.77, df=3, factor: time epoch, one way ANOVA; 
post hoc multiple comparisons: p=0.027 for epoch 1 vs epoch 3, p= 0.045 for epoch 1 vs 
epoch 4; Figure 4.4).    
4.3.2 Control experiment:  Return to baseline values 
In a second experiment, baseline visual cortical excitability was assessed following leftward 
visual motion adaptation (4 min) followed by a 5 min recovery period with no motion (Fig. 
4.5). After the recovery period there was no longer asymmetrical modulation of V1 (p=0.11, 
F=4.26, df=1, factor: adaptation state, repeated measures ANOVA) and there was no 
significant difference between the probabilities of perceiving a phosphene during either 
rightward or leftward motion when comparing to initial baseline measurements (p=0.169, 
F=2.81, df=1, factor: TMS condition). This indicates that following 4 min visual motion 
adaptation, the excitability of visual cortex returned back to baseline levels after a 5 minutes 
recovery period. 
 
 
 
 
 
 
 
 Figure 4.5 Following leftward motion adaptation, a recovery period (5 mins) was applied with no 
motion. The probability of perceiving a phosphene (Pλ) in the post recovery period was not 
significantly different when compared to the baseline stationary or to baseline motion conditions.  
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4.4 Discussion 
This study showed that prolonged viewing (4 mins) of optokinetic stimulus results in a visual 
adaptation as reflected in overall reduction in V1 excitability. Moreover, the direction 
specific effect of motion adaptation was assessed by measuring the V1 excitability change 
when viewing motion in the same and opposite direction to that used for adaptation. The 
findings show that the probability of perceiving a phosphene was reduced when viewing 
motion in the same direction as the adapting stimulus. In contrast, the probability of 
perceiving a phosphene is enhanced whilst viewing motion in the opposite direction to that 
implemented for adaptation. Thus, 4 minutes of direction specific visual motion adaptation 
induced an asymmetrical state of visual cortical excitability, but the reduction in V1 
excitability is the predominant effect.  
4.4.1 Modulation of V1 excitability following motion adaptation  
By measuring the probability of perceiving phosphenes using magnetic stimulation over V1, 
a clear post-motion adaptation change in V1 excitability was observed.  This is in line with 
animal studies that showed, using single unit recordings, a modulation of response to 
motion in V1 neurons following motion adaptation (Hammond et al., 1988; Giaschi et al., 
1993; Vautin and Berkley, 1977; Marlin et al., 1988; Saul and Cynader, 1989). In contrast, 
human studies using functional imaging and TMS approaches, have largely implicated area 
V5 when studying possible loci for motion adaptation (e.g. using MAE) (Tootell et al., 1995; 
Theoret et al., 2002; Huk et al., 2001; Taylor et al., 2000). However, later data suggests that 
both V1 and V5 are likely to mediate motion adaptation (Nishida and Ashida, 2000; Huk et 
al., 2001; Seiffert et al., 2003; Campana et al., 2011). A possible determining factor is the 
visual stimulus parameter implemented, such that V1 appears to be more involved in 
adaptation to simple visual stimulus (e.g. rightward/ leftward translational motion) 
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(Campana et al., 2011). Another possibility is that the neuronal changes seen in V5 are 
inherited from adaptation-induced changes in V1 (Kohn and Movshon, 2003). Thus, current 
data supports the involvement of V1 in adaptation to, at least, translational motion (OKN 
grating as used in this study). 
4.4.2 Direction-specific modulation of V1 excitability  
Viewing prolonged visual motion in this study has resulted in a direction-specific change in 
V1 excitability. A decrease in V1 excitability was observed when viewing motion in the 
adapted direction, which is in line with previous literature that shows attenuation in 
neuronal (single cell recording) response or BOLD activity (functional imaging studies) to 
subsequent  moving stimuli post-adaptation (Hammond et al., 1988; Saul and Cynader, 
1989; Kohn and Movshon, 2003; Huk et al., 2001; Krekelberg et al., 2006). In addition, an 
increase in V1 excitability was observed when viewing motion in the non-adapted direction. 
A possible explanation for this finding is the existence of reciprocal inhibition between 
directional-selective neuronal populations with opposite preferred motion directions 
(Krekelberg et al., 2006).  Since adapting V1 neuronal population to motion in preferred 
direction results in response reduction to motion in that direction, the extent of reciprocal 
inhibition exerted on other neurons should be reduced (Fig. 4.6). This means that neurons 
with preferred direction in the opposite (i.e. the adaptation stimulus was in the non-
preferred direction) are disinhibited resulting in the enhancement of response to motion 
(Fig. 4.6).  
Reciprocal inhibition of oppositely-tuned neurons and the resultant disinhibition following 
motion adaptation has been previously suggested in a single electrophysiological study of 
monkey MT (Petersen et al., 1985) and several functional imaging studies of human MT/V5 
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area (Tootell et al., 1995; Seiffert et al., 2003; He et al., 1998). The current findings suggest 
that reciprocal inhibition appears to play a part in motion adaptation in V1 by producing 
reduction and elevation of excitability in different direction-specific neuronal populations. 
These neuronal changes could then be potentially transmitted to higher visual areas such as 
V5 (Kohn and Movshon, 2003).  
 
 
 
 
 
 
4.4.3 Clinical Relevance  
The changes in V1 excitability following motion adaptation were short term so that 5 
minutes of recovery period (no motion) resulted in the return to the baseline measure. This 
is in line with a previous report that such adaptive changes are short term. For example, in 
V5 2 minutes of adaptation (exposure) to random dot motion enhanced V5 cortical 
excitability for duration of 2 minutes (Guzman-Lopez et al., 2011). 
Hence, the overall reduction in cortical excitability to motion (Fig. 4.3) following motion 
adaptation is short lived. Such short term adaptation will not provide a long lasting 
beneficial effect of significance to vestibular disorder patients suffering from visual vertigo 
Figure 4.6 Schematic illustration to explain the asymmetric modulation of V1 excitability at a neural 
level. For simplicity, 2 types of neuronal populations are shown: one with preferred motion direction 
to the right (in red) and the other with opposite preferred motion (i.e. ‘non-preferred direction’ in 
blue). Following exposure to adapting rightward visual stimulus, the response to motion is reduced in 
‘preferred direction’ neurons but increases in ‘non-preferred’ neurons due to disinhibition. Blunt 
black arrows indicate the extent of reciprocal inhibition; + indicate the extent of neuronal response. 
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or oscillopsia. However, as previously mentioned, the treatment involves repeated exposure 
to visual motion stimulus rather than a single adaptation period as used in this study. It is 
likely that repeated exposure will result in longer lasting neural changes, which are essential 
in desensitising patients to visual motion in order to alleviate visuo-vestibular symptoms in 
the long term.  
In this study, healthy participants were used to explore potential neuro-excitability changes 
underlying motion adaptation. However, the novel experimental paradigm employed in this 
study, that concurrently assesses cortical excitability in the motion adapted and non-
adapted direction, may also be applied to explore motion adaptation in patient groups. For 
example, visual vertigo patients are known to be sensitive to visual motion (Pavlou et al., 
2011) and bilateral failure patients have been shown to have reduced sensitivity to motion 
(i.e. elevated motion threshold (Kalla et al., 2011).  Thus, assessing visual cortical excitability 
prior and post motion adaptation may reveal whether adaptive changes are different or 
similar in patients to the healthy subjects, and whether these changes correlate with the 
clinical outcome.   
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Chapter 5: Neural mechanisms of oscillopsia suppression 
Preface 
Some vestibular disorder and neurological patients perceive visual world motion (oscillopsia) 
as a result of acquired involuntary eye oscillations (nystagmus). In contrast, people with 
early onset infantile nystagmus typically report no oscillopsia. The main hypotheses 
regarding the brain mechanisms that render infantile nystagmus individuals asymptomatic 
are visual cortex spatial updating of eye position versus suppression of visual motion cortical 
activity. This chapter combined psychophysics, eye movement recording and 
neurophysiology in individuals whose nystagmus is symptomatic (oscillopsia present) and 
individuals whose nystagmus in asymptomatic (oscillopsia absent). Symptomatic group 
consisted of six healthy volunteers with physiological nystagmus caused by a vestibular 
stimulation and 3 patients with pathologically acquired nystagmus. Asymptomatic group 
consisted of four subjects with infantile nystagmus. Firstly, to assess visual cortical (area V5) 
spatial updating the participants indicated the position of the perceived transcranial 
magnetic stimulation-induced phosphenes. In asymptomatic subjects, the location of the 
phosphenes significantly correlated with the eye position at the time of the stimulation. This 
relationship was lost in the symptomatic subjects. Secondly, by probing V5 excitability using 
transcranial magnetic stimulation, a continuous modulation of V5 excitability across the 
nystagmus cycle was observed in asymptomatic subjects. In contrast, symptomatic subjects 
did not display significant modulation of brain activity. In summary, mechanisms of visual 
cortical spatial updating and phasic modulation of visual cortical excitability appear to play a 
role in oscillopsia suppression in asymptomatic individuals. The understanding of neural 
mechanisms for oscillopsia suppression may help in the development of new treatment 
strategies in the future.   
5.1 Introduction 
Chapter 4 discussed one type of a visual symptom, visual vertigo, and its treatment in 
patients with a vestibular disorder. Another symptom commonly endured by vestibular 
disorder patients and some neurological patients is oscillopsia, For many patients, 
oscillopsia is an extremely debilitating condition when the stationary objects appear to 
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move resulting in inability to focus vision, which renders the patients in effect blind. It can 
manifest in various situations as a result of uncompensated retinal slip. For example, its 
occurrence during head movements indicates a lack of appropriate VOR response as in 
bilateral vestibular loss patients (Rinne et al., 1998). Oscillopsia at rest, without any head 
movements, is a result of involuntary eye oscillations (nystagmus) that have been acquired 
due to peripheral or central pathology. Following unilateral peripheral vestibular lesion 
(vestibular neuritis, VN), horizontal nystagmus occurs at the acute stage and can persist for 
up to 1-2 weeks. Presence of chronic nystagmus and continuous oscillopsia indicates a 
central disorder, which often has other neurological signs in addition to nystagmus as in 
multiple sclerosis (MS), strokes or tumours. In general, cerebellar and brainstem networks 
are affected as a result of lesions or degeneration, which disrupt central vestibular 
connections causing acquired nystagmus. Depending on the eye movement waveform and 
its plane, acquired nystagmus is classed into different types: down-beating (Bronstein et al., 
1987), up-beating (FISHER et al., 1983), torsional (LOPEZ et al., 1992; Morrow and Sharpe, 
1988) or the most disabling pendular nystagmus (Lopez et al., 1996; Aschoff et al., 1974).  
In contrast to visual vertigo, currently there are no known effective treatments for 
oscillopsia. Vestibular rehabilitation may be of some benefit for bilateral failure patients and 
for VN patients. For continuous oscillopsia, various medications (e.g. gabapentin, 3,4-
diaminopiridine) are tried, however only some patients actually benefit from the treatment 
(Straube et al., 2004). Thus, a more effective and reliable treatment needs to be elucidated 
for these patients. One approach is to investigate the possible neural mechanisms of 
reducing oscillopsia. This ability of oscillopsia suppression is observed in a group of people 
who have infantile nystagmus syndrome (INS). INS begins in the first few months of infancy 
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(Hertle et al., 2002) and the adult individuals rarely complain of oscillopsia (Leigh et al., 
1988). Despite continuous eye movements in these individuals, the brain somehow is able 
to construct a perceptually stable and clear visual world.  
Three main hypotheses have been suggested regarding the brain mechanisms of oscillopsia 
suppression that render infantile nystagmus individuals asymptomatic. First hypothesis 
suggests the use of an efference copy to cancel out the effects of retinal image motion 
(Abadi et al., 1999; Leigh et al., 1988; Dell’Osso, 2011; Goldstein et al., 1992). The 
importance of the efference copy in visual world stability was suggested back in the 1950s 
(von Holst and Mittelstaedt, 1950) (Sperry, 1950). Efference copy (also termed as corollary 
discharge), is a copy of the motor command that generates an eye movement (fast eye 
movement such as saccade or slow such as pursuit). This efference copy is thought to be 
compared with the retinal motion signal so that the cancelation of the 2 signals results in a 
spatial stability despite the retinal image slip (Sperry, 1950). Efference copy is thought to be 
utilised at the brainstem stem and also transmitted to higher cortical level, possibly areas 
V5/MT and MST, to update the information on the position of the eye (Wurtz, 2008; 
Dell'Osso et al., 1997). In addition, another signal arising from eye muscle proprioceptors 
can provide information about eye position. The importance proprioceptive eye position 
signal is debated in the literature with the predominant view that the signal is too slow 
(60ms delay) to contribute significantly to visual world stability (Xu et al., 2011; Wurtz, 
2008), however others dispute this view (Tong et al., 2008; Dell'Osso et al., 1999).  
Second hypothesis of oscillopsia suppression suggests that the visual information is 
predominantly sampled when the eyes are moving relatively slowly, during foveation 
periods, whilst any visual motion information during the rest of the nystagmic cycle is 
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ignored/ suppressed. This relates to the observed improvement of visual acuity as the 
average duration of the foveation period is increased and as the position variability 
associated with foveation periods is reduced (Abadi and Worfolk, 1989; Van Der Steen et al., 
1992). However, individuals with well-developed foveation periods in the nystagmus can 
still experience oscillopsia suggesting that the foveation periods are not sufficient or 
necessary for visual motion stability (Dell'Osso et al., 1997). Thus, a foveation period 
appears to be a critical decider of visual acuity but is unlikely to play a primary role in the 
oscillopsia suppression.  
Third hypothesis suggests that motion processing is suppressed resulting in the elevation of 
threshold for detecting visual motion and reduction in the visual motion sensitivity 
(Dieterich and Brandt, 1987; Shallo-Hoffmann et al., 1998). This mechanism is largely 
disregarded as a potential sole mechanism of oscillopsia suppression since the velocity of 
nystagmic slow phases in INS by far outstrips the relative increase in the motion threshold 
(Dell’Osso, 2011). Some studies have linked the change in the visual motion sensitivity to 
the potential involvement of visual cortex in oscillopsia suppression. A PET study showed a 
deactivation of visual cortex during involuntary eye oscillation (Dieterich and Brandt, 1987) 
and another study showed a relative metabolic down-regulation of visual area V5 during 
maximum nystagmus compared to periods of minimal nystagmus in INS subjects 
(Schlindwein et al., 2009). An additional proposal is that all three mechanisms hypothesised 
above can be used in a combination so that some individuals may utilise one mechanism 
more than others (Abel et al., 1991).  
Individuals without nystagmus also require maintenance of visual stability during eye 
movements in everyday life. Indeed the mechanisms suggested to maintain spatial stability 
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in normals, cortical updating of eye position and modulating excitability of the visual cortex, 
are in line with some of the above hypotheses of oscillopsia suppression in INS (specifically 
hypothesis 1 and 3). Hence, the current study aimed to investigate the neural mechanisms 
of oscillopsia suppression, by focusing specifically on the efference copy dependent 
mechanisms of the visual cortical spatial updating of eye position and the modulation of 
cortical excitability in visual area V5. Two groups of participants with nystagmus were 
recruited who differed in their perception of oscillopsia. One group experienced oscillopsia 
as a result of either physiological (caused by vestibular stimulation) or pathological (caused 
by disease) nystagmus. The other group consisted of asymptomatic individuals (no 
oscillopsia) with infantile nystagmus. The experiments utilised TMS-induced phosphenes as 
this technique allows direct assessment of the spatial updating of eye position in the visual 
cortex and modulation of visual cortical excitability in both groups. If the proposed 
mechanisms play a role in suppressing oscillopsia then one would expect these mechanisms 
to be present in the asymptomatic group but absent in the symptomatic group. Indeed, the 
findings show this to be the case with only asymptomatic individuals showing continuous V5 
updating of eye position and V5 excitability change according to the nystagmus eye phase.  
5.2 Methods  
The study consisted of 2 separate experiments that were performed on the same day 
investigating (1) Updating of eye position in V5 and (2) V5 excitability change.  
5.2.1 Subjects 
Asymptomatic participants were four individuals with infantile nystagmus syndrome (INS) 
(2M:2F, mean age = 25 years, age range = 22-32 years; see Table 5.1 rows in green). INS 
subjects underwent detailed ophthalmology screening (slit lamp, visual acuity at different 
head positions, colour vision, perimetry, stereopsing testing) and no neurologic or 
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ophthalmic abnormalities were found.  Symptomatic individuals (see Table 5.1 rows in red) 
had either (1) physiological nystagmus:- 6 healthy subjects (‘normals’) undergoing vestibular 
stimulation (5M:1F, mean age = 28 years, age range = 24 – 34); (2) pathological acquired 
nystagmus:- 2 multiple sclerosis (MS) patients and 1 acute vestibular neuritis (VN) patient 
(1M:2F, mean age = 48 years, age range = 28 – 61 years). See Table 5.1 for the detailed 
information of participants’ nystagmus. All were naïve to the purpose of the study. All 
subjects did not have history of migraine or any other TMS contraindications. Prior to the 
start of the experiment, all participants provided written informed consent.  
 
 
Oscillopsia 
perception 
Participants 
Age 
(years) 
Type of 
nystagmus 
Frequency  
(Hz) 
Amplitude 
(deg) 
SPV (deg/s) 
Asymptomatic 
INS 1 23 
Horizontal 
(Right SPV) 3.7 7.0 90 
INS 2 24 
Horizontal 
(Right SPV) 2.2 4.5 12 
INS 3 22 
Horizontal 
(Left SPV) 3 7.2 82.1 
INS 4 32 
Horizontal 
(Right SPV) 1.5 4.8 17.8 
Symptomatic 
Normals  
1-6 
28 
(SD=3.8) 
Vestibular 
(physiological) 
2.1 
(SD=0.59) 
1.2 (SD=0.51)  2.6 (SD=1.2) 
MS 1 55 Pendular 3.2 (1.8) 
Hor = 5.2 (3.0) 
Ver = 2.5 (0.8) 
Hor = 15 (15) 
Ver = 5.0 (2.0) 
MS 2 61 Pendular 5.3 
Hor = 0.95 (±5.5) 
Ver=  1.1 
Hor = 12.1 
Ver = 13.9 
VN 28 
Vestibular 
(pathological) 1.9 2.8 5.5 
Table 5.1 Details of the asymptomatic (in green) and symptomatic (in red) participants recruited 
for this study. The information on the frequency (in Hz), amplitude (from trough to peak in deg) and 
slow phase velocity (SPV) of the nystagmus is given. In patients with pendular nystagmus, both 
horizontal (Hor) and vertical (Ver) components of eye movement are given. MS 1 nystagmus values 
are shown off medication (not in brackets) and on medication (in brackets). MS 2 had frequent 
involuntary eye movements average of 5-6 deg (shown in brackets as ±5.5). SD = standard 
deviation. 
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5.2.2 Visual stimulus 
Visual stimulus consisted of a black background with a white target (visual angle of 0.75o) in 
the centre of the screen opposite the subject’s eyes. There were another 4 crosses 10cm 
from the centre cross in the right, left, up and down positions. Subjects sat 38cm from a TV 
screen (Mistubish Diamond Pro 22 inch CRT monitor, 80Hz refresh rate), providing 15o visual 
angle between the targets. Eye movements were recorded using direct near-infrared eye 
tracker sampled at 500Hz (XY Oculomotor system, Ober Consulting Sp. z o.o., Poland). At the 
start and end of each experiment, an eye calibration was performed by asking the subjects 
to perform saccades between the different 15o targets on the screen.   
5.2.3 Transcranial Magnetic Stimulation (TMS) 
Biphasic TMS pulses were administrated with a MagPro X100 stimulator (MagVenture A/S, 
Denmark) via a 100 mm figure of eight shaped coil. Left V5 stimulation site was localised 
using a functional method by placing the coil 3 cm above the inion and moving it 5 cm 
laterally to the left. The coil was then carefully adjusted until a clear phosphene was 
observed in the right hand side of the visual field. The participants were asked to verbally 
describe and then to draw the phosphenes and their perceived location. The TMS pulse 
onset was recorded in synchrony with the eye movements at a sampling rate of 500Hz (JAZZ 
software, Ober Consulting Sp. z o.o., Poland).  
5.2.4 Vestibular stimulation  
Vestibular stimulation was administrated in the healthy subjects (referred to as ‘normals’) 
using caloric irrigation. The subjects’ head was tilted back 30 deg but they could comfortably 
see the targets on the screen. The subjects were asked to keep the eyes closed during 
irrigation of the right ear with cold water (30oC) for 60 seconds. This induced vestibular 
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nystagmus consisting of rightward slow phase and leftward fast phase. The subjects were 
then asked to open their eyes and look at the centre target just before the start of TMS.  
5.2.5 Experimental protocol 
Experiment 1: Updating of eye position in area V5 
Before the start of the experiment, the retinotopic property of phosphenes was confirmed 
in each participant by checking that the location of perceived phosphenes shifted with gaze 
(when looking right, left, up and down). In the rest of the experiment, the subjects were 
asked to look at the centre target only. The suprathreshold TMS intensity was found at 
which the subjects perceived a phosphene all or most of the time. After each TMS pulse, if 
the phosphene was observed, the subjects used a mouse cursor to indicate on the screen 
the location of the phosphene. These phosphene locations were recorded using an in-house 
Matlab programme (written by Nada Yousif). TMS pulses were delivered at least 6 seconds 
apart. The eye position (in degrees) was measured from a fixed baseline (Fig. 5.1) at the 
time of TMS pulse onset to investigate the relationship between the phosphene location in 
the horizontal plane (in degrees) and the horizontal eye position (in degrees). If nystagmus 
also had a vertical component as the case in pendular nystagmus of MS patients, then the 
relationship was assessed in both the horizontal and vertical plane. The eye velocity (deg/s) 
at the TMS pulse onset was also measured. 
 
 
 
 
 
 
Figure 5.1 TMS onset and eye movements were simultaneously recorded so that deviation of the eye 
from a fixed baseline (in red) at the time of the TMS pulse could be calculated. In the example, the 
TMS pulse is delivered when the eye is 1o away from the baseline.  
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Experiment 2: V5 excitability change  
The subjects were asked to look at the centre target first. TMS intensity was found that 
elicited phosphenes around 60% of the time (i.e. just above threshold) during a trial 
sequence. For the normals, the threshold intensity was found during caloric irrigation since 
it has been previously shown that V5 excitability changes during vestibular activation 
(Seemungal et al., 2013). The pulses were delivered 6 seconds apart for a total of 20 pulses. 
The same procedure was performed when looking at right, left, up and down target.  
The relative eye phase during a nystagmic cycle and the eye velocity at the time of TMS 
pulse delivery was found (Fig. 5.2) to investigate whether the probability of seeing a 
phosphene (and hence whether V5 excitability) changes in relation to nystagmus. This was 
done by defining the duration of the nystagmic cycle from peak to peak (when the velocity 
was zero) and then finding the relative time at which the TMS pulse was delivered. For 
vestibular nystagmus (physiological and pathological), nystagmus was divided into 2 epochs 
of leftward fast phase (FP) and rightward slow phase (Fig. 5.2A). For MS, since pendular 
nystagmus produces sinusoidal eye movements, with no relative fast and slow phases, the 
waveform was divided into 2 epochs of leftward and rightward eye phase (Fig. 5.2B). Due to 
the complexity of the nystagmus waveform in INS subjects, each full cycle was divided into 5 
epochs of equal duration (Fig. 5.2C). This was done to analyse every aspect of INS nystagmus 
including possible foveation periods (brief periods of time when eyes are stationary or 
moving at minimum velocity, see Figure 5.2C epoch 0.4-0.6). Thus, the probability of seeing 
a phosphene and eye velocity was measured for each epoch in a nystagmic cycle.  
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5.2.6 Statistical analysis 
For Experiment 1, the phosphene location and the eye position was normalised according to 
the location of the phosphene perceived furthest to the left. Pearson correlations were 
performed to elucidate significant correlations (p<0.05) between normalised eye position 
and normalised phosphene location. In experiment 2 for each participant, the probability of 
seeing a phosphene at different nystagmic epochs was found. For group analysis, the 
probability was normalised to the epoch with the greatest probability (max probability =1). 
Repeated measures ANOVA was performed (within subject factor: epoch) with post-hoc 
paired t-tests to elucidate potential significant differences in probability of seeing a 
phosphene between the different epochs in symptomatic and asymptomatic groups.   
Figure 5.2 Division of nystagmic cycle into epochs in (A) participants with vestibular nystagmus of 
both physiological (controls) and pathological (acute VN) origin, (B) MS patients and (C) INS 
subjects. 
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5.3 Results 
5.3.1 Experiment 1: Updating of eye position in area V5 
Participants were asked to indicate the location of their perceived phosphenes. The 
retinotopic characteristic of phosphenes, the change in phosphene location with voluntary 
gaze shifts (Cowey and Walsh, 2000), was confirmed in all participants (Fig. 5.3). 
 
 
 
 
 
 
 
 
Asymptomatic group shows spatial updating in V5 
The locations of phosphenes perceived in the asymptomatic participants when looking in 
the ‘centre’ target are shown in Figure 5.4. The normalised eye position was correlated with 
the normalised location of the perceived phosphene. A significant correlation was found in 
every participant of the asymptomatic group (Fig. 5.5A). Data from the three participants 
with a positive correlation was combined to show that as the eye moved to the right, the 
phosphene location also shifted rightwards (r = 0.59, p < 0.001; Fig. 5.5B). One participant, 
INS 2, showed the opposite relationship of the phosphene location shifting right when the 
eye moved to the left (r = 0.5, p = 0.02; Fig. 5.4). The discrepancy of this result is unclear, 
however it can be hypothesised that the location of the perceived phospenes unusually to 
Figure 5.3 External (head-centred) location of V5 phosphenes in representative normals (with 
physiological nystagmus) and INS subject. The coordinate 0,0 indicates the centre of the screen and 
the position of the centre target. The x-axis and y-axis coordinates represent visual angle (deg) 
horizontally and vertically respectively.    
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the far right (mean = 27o, Fig. 5.4) in this subject could result in a different shifts of 
phosphene location relative to the eye position. However, the consistency of finding a 
significant relationship between the eye position and phosphene location in each INS 
subject implies that the phosphene location is updated during nystagmus in the 
asymptomatic group.   
 
 
 
 
 
 
 
Spatial updating is absent in the symptomatic group 
Subjects with oscillopsia (symptomatic) showed no significant correlation between 
phosphene location and eye position in both horizontal and vertical plane (MS patients with 
the vertical eye component) when analysed individually (p>0.05) or when combined across 
the entire group (p>0.05, Fig. 5.6). However, MS 1 who was gabapentin responsive and who 
was subsequently tested ON-medication with little oscillopsia (asymptomatic) showed 
significant correlations in horizontal and vertical planes (indicated as red squares in Figure 
5.5). The neural action of the gabapentin is unknown, however the current results suggest 
that the appearance of eye position updating could reflect the alleviation of the oscillopsia.  
Figure 5.4 Location of V5 phosphenes in asymptomatic INS in ‘centre’ gaze. INS 2 perceived 
phosphenes in the far right position away from the target viewing area (coordinate 0,0). The x-axis 
and y-axis coordinates represent visual angle (deg) horizontally and vertically respectively.    
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Figure 5.5 Asymptomatic group showed significant correlation between eye position and phosphene 
location. A All participants who did not perceive oscillopsia (i.e. INS subjects) showed significant 
correlation between normalised phosphene location and normalised horizontal eye position. B Three 
asymptomatic subjects showed positive correlation (red diamonds) whilst one subject (blue squares) 
showed negative correlation. Significant correlations indicate that a continuous updating of eye 
position takes place in V5. NB the coordinate 0,0 has been normalised according to the most 
leftward perceived phosphene location and its relative eye position.  
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Figure 5.6 Relationship between eye position and phosphene location in horizontal (top) and vertical 
(bottom) plane in the symptomatic group. No correlation was seen for individuals with oscillopsia 
(grey circles). A reduction of oscillopsia with gabapentin administration in MS 1 may reflect the 
appearance of significant correlations (red diamonds).  This improvement in eye position updating 
reflects the alleviation of symptoms.  
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5.3.2 Experiment 2: V5 excitability change  
The probability of seeing a phosphene was measured for each epoch (see Figure 5.2) of the 
nystagmic cycle.  
Asymptomatic group shows modulation of V5 excitability  
In the asymptomatic subjects, variations in the probability of seeing phosphenes were 
observed across the nystagmus epochs and ranged from 0.014 to 0.21 (Fig. 5.7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 Probability of perceiving a phosphene at different nystagmus epochs in all 4 INS subjects 
shows evident variability. One nystagmic cycle of each INS subject is overlaid on the graphs for 
illustrative purposes.      
INS 3 INS 4 
INS 1 INS 2 
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For the group analysis, INS 3 nystagmus waveform and its epochs were made to reflect the 
left beating nystagmus with the 0-0.2 epoch corresponding to the fast phase (greatest 
velocity). The probability of seeing a phosphene for each epoch was normalised to the 
epoch with the greatest probability (max probability =1) in each subject (Fig. 5.8). Within-
subjects contrast showed factor ‘epoch’ to be significant (F(1,3) = 11.6, p = 0.42, Repeated 
Measures ANOVA). Post-hoc paired t-test indicated significant difference between epochs 0-
0.2 and 0.8-1.0 (p = 0.005, t = 7.2; Fig. 5.8). Thus, V5 excitability appears to be greatest at 
the start of nystagmus cycle at the epoch 0-0.2 that corresponds to the fast phase and 
greatest velocity. Another suggestion would be that the cortical excitability is reduced just 
before (≈80ms) the fast phase as part of a predictive mechanism, however this suggestion 
will need further investigation.   
 
 
 
 
 
 
 
 
 
Figure 5.8 Group analysis of the asymptomatic participants showing changes in the probability of 
perceiving a phosphene (in red) at different nystagmus epochs and eye velocities (in grey). INS 3 who 
has right beating nystagmus was standardised with the others so that 0-0.2 epoch corresponded to 
the fast phase and greatest eye velocity. The shaded grey region shows epoch 0.8-1.0 of the previous 
nystagmic cycle for illustrative purposes. ** indicates significance of p<0.01. Error bars represent 
standard error. 
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It is known that in INS subjects the visual acuity may change depending on where they look 
as the perception of oscillopsia varies in different gaze positions. Thus, an additional analysis 
was performed where the probability of seeing a phosphene at different gaze positions 
(centre, right, left, up and down) was calculated (Fig. 5.8). The probability of perceiving a 
phosphene at different gaze positions appears to have a relationship with the changing 
visual acuity at least in some cases. In INS 1 a significant correlation was found (r = 0.91, p = 
0.032; Fig. 5.9). However, this did not reach significance in other subjects (average r = 0.45, 
p>0.05). Thus, modulation of visual cortical excitability appears to relate to oscillopsia 
suppression and perhaps consequently on the visual acuity at least in some cases.    
 
 
 
 
 
 
No significant V5 excitability change in the symptomatic group 
The phosphene probability results were combined across the symptomatic subjects to 
compare the probability of seeing a phosphene during leftward eye movements (fast phase 
for the normals and VN patient, and 0-0.5 epoch for MS patients) versus during rightward 
eye movements (slow phase for the normal and VN, and 0.5-1.0 epoch for MS patients). In 
order to provide a direct comparison, the above data from the asymptomatic group was 
presented in a similar manner with leftwards versus rightwards eye movements (Fig. 5.10). 
No significant variation in the probability of seeing a phosphene was found in the 
Figure 5.9 In INS 1 subject, better visual 
acuity (smaller logMAR values) tends to 
have higher probability of perceiving a 
phosphene. Each point indicates a gaze 
position. 
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symptomatic group (p>0.05, paired t-test), whereas in the asymptomatic group the 
probability of seeing a phosphene during leftward (slow phase) eye movement was 
significantly smaller compared to rightward (fast phase) eye movement (p = 0.005, t = 7.47; 
Fig. 5.10). 
 
 
 
 
 
 
 
 
 
When MS 1 was tested ON-gabapentin, the difference between the probability of perceiving 
a phosphene during rightward and leftward eye phase increased to 0.13 compared to 0.085 
when OFF-medication. This finding coupled with the significant variation in phosphene 
probabilities found in the asymptomatic group suggests that the modulation of V5 
excitability can be a factor in suppressing oscillopsia. 
Figure 5.10 Probability of perceiving a phosphene during leftward versus rightward eye movement 
in the symptomatic and asymptomatic groups. No significant variation is seen in the symptomatic 
group, whereas in the asymptomatic group the probability of seeing a phosphene is significantly 
higher during leftward eye movements (fast phase).  ** indicates significance of p<0.01. Error bars 
represent standard error. 
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5.3.3 Summary of results 
Individuals who are oscillopsia asymptomatic despite the presence of nystagmus showed 
continuous updating of eye position and excitability modulation of area V5 during 
nystagmus (Table 5.2). In contrast, these findings were lacking in symptomatic individuals 
(Table 5.2). This suggests that (1) eye position updating in V5 and (2) modulation of V5 
excitability are potential mechanisms that are acquired as part of long-term adaptation 
process to suppress oscillopsia.  
 
 
 
5.4 Discussion 
A novel approach of delivering TMS pulses at various points of nystagmus waveform showed 
two potential neural mechanisms of oscillopsia suppression. (1) In asymptomatic individuals, 
phosphene location correlated with eye position suggesting that during nystagmus the 
retinotopic map in V5 is continuously updated. However, when eye movements albeit 
Oscillopsia 
perception 
Participants 
Updating of eye  
position in V5 
V5 excitability 
modulation 
Asymptomatic 
INS 1 Yes Yes 
INS 2 Yes Yes 
INS 3 Yes Yes 
INS 4 Yes Yes 
Symptomatic 
Normals 1-6 No No 
MS 1 No (Yes) No (possibly) 
MS 2 No No 
VN No No 
Table 5.2 Summary of the results to illustrate which participants benefited from the two potential 
mechanisms of oscillopsia suppression (1) updating of eye position in V5 and (2) V5 excitability 
modulation. [For MS 1, results for on-gabapentin are given in brackets].  
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physiological (due to caloric) or pathological (in multiple sclerosis, vestibular neuritis) 
resulted in oscillopsia, the correlation was lost and the phosphene location was no longer 
retinotopic during nystagmus. It has been previously shown that V5 phosphenes exhibit 
retinotopic properties during voluntary shifts in gaze (Cowey and Walsh, 2000; Marg and 
Rudiak, 1994), whereas it has been observed that during involuntary nystagmus (e.g. caloric 
stimulation, OKN) the phosphenes are fixed in space (Brindley and Lewin, 1968; Seemungal 
et al., 2013; Meyer et al., 1990). (2) A second finding of the study is the observation of 
variability in V5 excitability in asymptomatic individuals. A change in cortical excitability has 
been proposed as a possible mechanism to stabilise vision during fast voluntary movements 
i.e. saccades (Wurtz, 2008). Therefore, these two main findings suggest that in 
asymptomatic individuals similar mechanisms may be critical in suppressing oscillopsia as 
the ones involved in establishing spatial stability during voluntary eye movements in normal 
individuals.  
Thus to interpret current findings, one needs to consider the potential mechanisms that are 
involved in maintaining spatial stability during voluntary eye movements in healthy 
individuals.  
5.4.1 Updating the retinotopic map 
The mechanisms involved in keeping the visual world stable day-to-day in healthy 
individuals during voluntary eye movements have been widely studied (e.g. (Wurtz, 2008). 
For example, tracking an object or, even simply, exploratory eye movements create retinal 
image motion that could indicate movement of the world, movement of the object or a 
combination of both. However, despite such ambiguous signal we perceive a stable world. 
The transmission of efference copy to higher cortical regions is thought to be critical in 
separating eye movement from world movement to avoid oscillopsia. But what is the neural 
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basis of the effect of the efference copy on cortical regions and specifically on V5 in 
perceiving spatial stability?  
Efference copy is thought to be essential in shifting neuronal receptive fields (RFs) in visual 
and perceptual brain regions in order to update retinotopic map of visual space (Wurtz, 
2008). Since area MT/V5 codes visual space in retinotopic (eye-centred) coordinates 
(Gattass and Gross, 1981; Huk et al., 2002; Wandell et al., 2007; Kolster et al., 2010; Cowey 
and Walsh, 2000) it follows that there is a linear relationship between eye position and the 
position of RF in V5 e.g. if eye moves 10 deg to the right then RF does as well (Gardner et al., 
2008; Hartmann et al., 2011; Golomb and Kanwisher, 2012; Krekelberg et al., 2003). Indeed, 
the current study shows this to be the case in asymptomatic INS individuals where the 
deviation of the eye during nystagmus approximately matched the shift in phosphene 
location. Hence, this suggests that in the individuals with asymptomatic nystagmus, similarly 
to the findings of voluntary eye movements, the efference copy continuously updates the 
retinotopic map in V5 and possibly also in other higher regions [e.g. lateral intraparietal area 
(Colby and Goldberg, 1992); frontal eye field (Umeno and Goldberg, 2001); other visual 
areas (Tolias et al., 2001; Nakamura and Colby, 2002)] so that the brain always keeps track 
of the eye position. This is critical in distinguishing eye movement from world movement.  In 
the case of individuals with symptomatic nystagmus, the eye movements are acquired 
suddenly from an external disturbance (i.e. neurological disease or caloric stimulation), 
hence no appropriate efference copy can be generated that can quickly act to stabilise the 
visual world. This is in contrast to INS individuals who have the condition in the first few 
months of life at a time when the brain is most plastic and prone to adaptation (Knudsen, 
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2004). The brain may have adapted in such a way that results in a rapid generation of 
accurate efference copy signalling to visual and other higher cortical areas.  
The suggestion of efference copy mechanism in INS has been proposed before mainly based 
on the psychophysical experiments that artificially stabilised an image on the retina (Leigh et 
al., 1988). The retinal image stabilisation is thought to produce a mismatch between the 
efference copy and the expected retinal motion, which induces oscillopsia. The current 
findings support the suggestion of the importance of this mechanism in stabilising the visual 
world to reduce or eliminate symptom of oscillopsia and additionally show that this 
mechanism is observed in area V5. However, it is yet to be elucidated whether V5 is critical 
in alleviating the perceptual aspect of oscillopsia or whether this may occur in higher brain 
regions. 
5.4.2 Modulating cortical excitability 
The change in cortical excitability has been suggested as a possible mechanism to stabilise 
vision during fast voluntary movements i.e. saccades (Wurtz, 2008). A brief presentation of 
a visual stimulus just before or during a saccadic eye movements results in blurring and even 
suppression of its perception in what is termed as saccadic suppression (Bridgeman et al., 
1975; Burr et al., 1982). Efference copy and visual masking mechanism are thought to 
underlie saccadic suppression with a site of action in the early stages of visual processing in 
lateral geniculate nucleus (LGN). Here, biphasic modulation is seen with reduced activity just 
prior and during the saccade, and increase afterwards (Burr et al., 1994; Noda, 1975; Reppas 
et al., 2002). Interestingly, current findings also appear to show such biphasic modulation in 
V5 in the asymptomatic group where a reduction in V5 excitability prior (≈80ms) the fast 
phase (i.e. saccadic component) is observed and an increase in the excitability during and 
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after the fast phase. However, previous studies conducted in area MT and MST in animals 
(Kubischik and Bremmer, 1999; Thiele et al., 2002; Ibbotson et al., 2007) and area V5 in 
humans (Paus et al., 1995; Kleiser et al., 2004) showed a prominent reduction in the activity 
during a saccade, which are in contrast with the current findings. This suggests that 
modulation of V5 excitability during voluntary saccades and involuntary nystagmus is 
different with the latter showing the excitability changes similar to the ones observed in 
LGN. Another suggestion would be that the reduction in the excitability observed just prior a 
fast phase is part of a predictive mechanism in the adapted individuals (INS without 
oscillopsia), which is absent in the symptomatic non-adapted individuals.  
When looking at the asymptomatic subjects individually, a variation in V5 excitability was 
observed at different epochs of the slow phase of the nystagmus as well as at the beginning 
of the fast phase, which suggests that V5 is continuously modulated. An eye position signal 
(as relayed by efference copy) may be utilised to change the gain of the response of V5 
neurons during nystagmic eye movements. Combining information of the eye position with 
retinotopic map is thought to transform retinotopic (eye-centred) coordinates into 
spatiotopic (head-centred) coordinates. Spatiotopic map as represented by gain field 
neurons has been found in parietal cortex (Andersen and Mountcastle, 1983; Andersen, 
1989) but its existence in V5 is highly debated. Some studies show retinotopic only 
organisation in V5 (Gardner et al., 2008; Hartmann et al., 2011; Golomb and Kanwisher, 
2012; Krekelberg et al., 2003), whilst others found spatiotopic visual processing (Melcher 
and Morrone, 2003; d'Avossa et al., 2006; Ong et al., 2009). Recently it has been suggested 
that both types of mapping can be present but the degree to which one is present is task-
dependent according to the demands of spatial attention (Crespi et al., 2011; Burr and 
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Morrone, 2011). However, another suggestion is that the reference frame in V5 is retonopic 
and neuronal gain fields are superimposed on this stable retinotopic map (Merriam et al., 
2013). The current findings supports the latter suggestion since a clear modulation of V5 
excitability was found in experiment 2 and, additionally, retinotopic updating of V5 was 
observed in experiment 1.  
The current findings suggest that V5 excitability modulation is important in maintaining 
visual stability by playing a role in oscillopsia suppression. This mechanism has previously 
been largely disregarded since the motion thresholds are found to be only slightly elevated 
in INS (Dieterich and Brandt, 1987; Shallo-Hoffmann et al., 1998), much smaller than the 
velocity of nystagmus slow phases (Dell’Osso, 2011). However, in this study, continuous 
change in V5 excitability was observed with both relative increases and decreases, which 
may explain why the motion thresholds are only slightly altered in INS.  
5.4.3 Clinical relevance  
These findings provide direct evidence and neural bases for the previously suggested 
mechanisms of oscillopsia suppression namely the use of the efference copy in cortical 
spatial updating and modulation of V5 excitability. These mechanisms of oscillopsia 
suppression appear to share common links with the proposed mechanisms involved in 
maintaining spatial stability during voluntary eye movements. The mechanisms of oscillopsia 
suppression are likely to arise as part of long-term adaptation to visual motion as the case in 
INS. Understanding the neural bases and their neuroanatomical correlates will allow us to 
develop treatments that will possibly accelerate the acquisition of these adaptation 
mechanisms in future patients.   
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Chapter 6: Discussion 
The primary aim of the thesis was to further our understanding of the neural mechanisms 
that underlie vestibular and visual desensitisation. The question was approached by utilising 
asymptomatic individuals who have undergone short term or long term adaptation to visual 
or vestibular stimulation. The understanding of the potential changes that occur as part of 
visual-vestibular adaptation has a clinical relevance when considered in the context of the 
vestibular rehabilitation therapy used for the patients with vestibular disorders. Similarly to 
the specific adapted subject groups (i.e. dancers, infantile nystagmus syndrome) and specific 
experimental paradigm (i.e. exposure to OKN stimulus) used in this thesis, vestibular 
rehabilitation also involves repeated exposure to vestibular and visual stimuli to reduce 
patients’ sensitivity to visual-vestibular stimulation in the hope of reducing the likelihood of 
the symptoms onset in day-to-day life. This chapter discusses the findings of the thesis and 
considers their potential clinical implications in vestibular rehabilitation therapy.  
6.1 Vestibular desensitisation using long-term repeated vestibular exposure   
Chapters 2 assessed changes in vestibular function following long-term repeated visual-
vestibular stimulation (in dancers) and Chapter 3 uncovered the possible neuroanatomical 
correlates of these changes. Both ocularmotor response and perception of self-motion to 
velocity steps were considerably reduced and further, the ability to suppress VOR using 
vision was increased. Furthermore, in controls there was a significant correlation between 
the ocularmotor and the perceptual responses, which was lost in dancers. Interestingly, this 
uncoupling of the ocularmotor and perceptual vestibular measures also occurred at the 
neuroanatomical level, with the neural locus found to reside in vestibular cerebellum. 
Vestibular cerebellum is a part of the brain that has been previously implicated in 
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modulation of the vestibular processing (Kheradmand and Zee, 2011; Waespe et al., 1985). 
The results of this study are of significance to the vestibular disorder patients since they 
provide psychophysical and brain structural evidence that vestibular training could play a 
role in (1) promoting vestibular compensation (2) tackling acute symptoms (ocularmotor 
and perceptual) (3) tackling chronic symptoms (perceptual).  
Vestibular training, as experienced by dancers, combines visual and vestibular signals to 
maintain balance and reduce dizziness during active head movements. In patients, 
vestibular exercises are likely to promote the natural vestibular compensation process and 
perhaps make it more effective. For example, vestibular training (as part of dance) resulted 
in a greater ability of VOR suppression using a visual target, which is a critical skill to reduce 
pathological nystagmus, stabilise vision and balance. Patients with chronic dizziness have 
severe perceptual symptoms despite their clinical assessment of eye movements (ENG/ 
caloric testing) showing no abnormalities (Kanayama et al., 1995; Palla et al., 2008). Thus, 
the eye movements appear to be dissociated from the patients’ perceptual symptoms of 
dizziness. Since patients show a tendency for dissociation in VOR and perception, it is of 
importance that the rehabilitation treatment can target and modulate these two entities 
separately. This study in dancers has shown that vestibular training has the capacity to 
dissociate the processing of VOR and perception. This implies that if applied to patients, 
vestibular training should induce changes in VOR and perception but do so via separate 
(albeit linked) mechanisms. As a result the perceptual response can be habituated 
separately, at least in part, to the VOR response resulting in a reduction of perceptual 
symptom (dizziness) that is the most detrimental to the patient’s everyday life. 
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The knowledge that VOR response and perception of self-motion (i.e. dizziness/ vertigo) can 
be separated in some cases should encourage a re-think on the conventional vestibular 
testing protocols, which should perhaps also assess the perceptual component of the 
vestibular function. The perceptual assessment could consist of a similar paradigm as the 
one used in Chapter 2 supra-threshold vestibular test, which allows simultaneous 
measurement of VOR and perception (Okada et al., 1999). However, such specialised 
equipment is rare and available only in a few clinics around the world so another potential 
approach would be to time the duration of dizziness during a standard clinical caloric test by 
asking the patient to indicate the dizziness onset and end.  
6.2 Maintenance of vestibular desensitisation 
The consensus of the importance of vestibular rehabilitation has been present for some 
time (Bronstein et al., 2010), however the study in Chapters 2 and 3 clearly demonstrates 
the extent of psychophysical and neuroanatomical changes that takes place in the case of 
long-term exposure. The emphasis has been placed on long-term exposure as it may be 
critical in establishing long lasting changes. Any training-adapted changes are likely to be 
reversible if the activity is stopped (Driemeyer et al., 2008) or in the case of a neurological 
disturbance. An example of this was seen when one of the dancers who participated in the 
study (Chapter 2,3), one year after testing was admitted to the clinic suffering from severe 
vertigo and was subsequently diagnosed with a  vestibular migraine. Although her day-to-
day symptoms subsided in the next few months, she could not attain her former dancing 
standard as performing pirouettes would leave her in a vertiginous state. Supra-threshold 
testing (as in Chapter 2) was performed to compare her vestibular responses pre- and post- 
onset of the vestibular migraine. It was found that her VOR response was comparable to 
before (TC = 10.7s post and TC = 12.1s pre), however her perceptual response nearly 
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doubled (TC = 11.8s post and TC = 6.7s pre). Hence, even though her ocularmotor testing 
showed a normal response, the enormous increase in the perceptual response could explain 
why she was no longer able to perform the pirouettes without dizziness. 
This suggests that any new or recurrent vestibular attacks may result in cancellation of any 
previously training-adapted changes. Thus, it might be of vital importance that vestibular 
rehabilitation is carried on long-term, as part of a life-style change. One suggestion would be 
to encourage patients to take up a regular activity that involves vestibular training such as 
dancing. Since dance is a more fun and interactive type of a vestibular exercise, the patients 
are more likely to persevere with it long term than regular rehabilitation exercises. 
Currently, most rehabilitation therapy sessions are one-to-one with the physiotherapist. 
Enormous medical resources would be required to provide long term rehabilitation 
treatments to patients so another suggestion would be to set-up group vestibular 
rehabilitation sessions that incorporate dance as part of the therapy.   
6.3 Promoting vestibular desensitisation  
Long-term vestibular desensitisation, although crucial in reducing vestibular response, may 
take substantial amount of time and perseverance to obtain. Can the suppression of 
vestibular function be achieved with a brief exposure? In another study (see Appendix 2), a 
brief concurrent application of complex visual stimulus (binocular motion rivalry) and 
vestibular stimulation resulted in a suppression of post-rotatory VOR response. The protocol 
used in this study is suggested to disrupt inter-hemispheric parietal balance with the right 
hemisphere exerting a greater suppression of the left hemisphere, which is subsequently 
thought to cause downregulation of the velocity storage mechanism. This was verified in 
another study using transcranial direct current stimulation (tDCS), a technique known to 
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induce inter-parietal imbalance, with the application of the cathodal (inhibitory) electrode 
over the left parietal cortex and the anodal (excitatory) electrode over the right parietal 
cortex. Such tDCS application was shown to reduce the VOR response (Arshad et al., 2013c), 
similar to the suppression seen in Appendix 2 study. Such suppressive effects are not long 
lasting on their own but used concurrently with the vestibular rehabilitation exercises may 
produce a more effective treatment with faster beneficial results. Indeed, tDCS has been 
previously been used to improve recovery of motor function and cognitive performance in 
stroke patients (Jo et al., 2009; Boggio et al., 2007).  
6.4 Visual adaptation using unidirectional visual motion exposure 
Chapter 4 investigated the potential neuronal mechanism of visual desensitisation to visual 
motion, which is critical in patients with visual vertigo. The visual cortical excitability of V1 
was found to be considerably reduced when viewing motion post-adaptation compared to 
viewing motion before adaptation. In this study, a single exposure of 4 minutes was used 
and the adapted change was absent following 5 minutes of recovery. However, to be of any 
benefit to patients, the adapted change must be long lasting with consistent reduction in 
the sensitivity to visual motion (i.e. desensitisation). Repeated exposure to the same 
adaptation stimulus is likely to produce longer lasting changes as observed in the case of 
vestibular function changes following long-term dance training. Thus, the study suggests an 
underlying neural mechanism for visual adaptation, however it is unclear how such changes 
are consolidated to cause long lasting visual desensitisation.          
6.5 Oscillopsia suppression as part of long-term visual adaptation  
An extreme case of long term visual desensitisation was probed in Chapter 5 by utilising 
individuals who were born with nystagmus (INS). INS has been shown to have slightly 
123 
 
reduced sensitivity to visual motion (Dieterich and Brandt, 1987; Shallo-Hoffmann et al., 
1998). However, this is not enough to cancel out the high velocity retinal image motion 
generated by the nystagmus. Thus, although visual desensitisation may play a part in INS, 
this thesis shows that visual stabilisation in INS is achieved via a complex set of mechanisms 
including continuous updating of the retinotopic map relative to the eye position and 
excitability modulation in the area V5.  
A common theme that links long-term adapted groups, dancers and INS subjects, is the 
dissociation between ocularmotor and perceptual responses. In the case of dancers, the 
perception of dizziness is uncoupled from VOR and in the case of INS, the perception of 
visual world motion is uncoupled from the eye movements (nystagmus). Hence, it appears 
that to combat the symptoms of the vestibular disorders whether it is dizziness, visual 
vertigo or oscillopsia, this dissociation needs to be promoted or elicited. In the case of 
reducing symptoms of dizziness or visual vertigo, exposure to repeated vestibular or visual 
stimulation has been shown to be effective. However, reducing  oscillopsia appears to be far 
more complex. INS subjects have the condition from birth when brain is more plastic and 
more prone to neuronal reorganisation. Thus, the lack of improvement of the symptom in 
the patients with pathological acquired nystagmus is due to the insufficient brain plasticity 
in the adult brain. Some degree of plasticity has been shown in visual cortex (Baker et al., 
2005) and perceptual training of visual tasks, playing video games for example, has been 
shown to improve visual function in individuals with impaired vision in one eye (amblyopia) 
(Bavelier et al., 2010). It is thought that perceptual learning stimulates visual cortical 
plasticity, hence it might be effective in promoting brain plasticity in patients with 
oscillopsia to increase their capacity to adapt to the visual world motion. Another possible 
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approach is to use non-invasive brain stimulation (tDCS or TMS) to promote plastic changes 
(Fregni and Pascual-Leone, 2007; Thompson et al., 2008). Further, the neuroanatomical 
correlate of oscillopsia perception in the brain may be used as a possible site of suppression 
using non-invasive brain stimulation [N.B. indeed the study to elucidate neuroanatomical 
correlate of oscillopsia perception is already under way as an extension of the work in this 
thesis].  
6.6 From short to long lasting adaptive changes 
As well as investigating the underlying neural mechanisms of visual and vestibular 
adaptation, the topic of this thesis can be split based of the longevity of the adaptation – 
short or long lasting. Appendix 2 and Chapters 4 assessed short term adaptation to a single 
exposure of vestibular and visual stimulation respectively. In contrast, Chapter 2/3 and 
Chapter 5 investigated long term adaptation to a repeated exposure of vestibular and visual 
stimulation respectively. What remains unclear is what neural mechanisms and patterns of 
neural activity are implicated for short term adaptation to develop into a long lasting state?  
This thesis and previous literature suggests that the repeated exposure to a stimulus is 
crucial in producing persistent response suppression to that specific stimulus. Multiple 
models have been proposed to explain the decreased neural responses following stimulus 
repetition (referred to as ‘repetition suppression’). The model widely discussed is the 
‘fatigue model’ whereby the stimulus-responsive neurons show a reduction in their 
response to the repeated presentation of the same stimulus (Grill-Spector et al., 2006). As a 
result, the overall response of the neuronal network is reduced in proportion to initial 
response. A number of potential cellular mechanisms have been proposed to explain the 
reduction in the neuronal activity ranging from short lasting (firing-rate adaptation,  synaptic 
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depression) to long lasting (long-term depression, long-term potentiation).  Long-term 
depression (LTD) and long-term potential (LTP) entail multiple stages such as changes in 
gene expression and protein synthesis that cause decrease or increase in synaptic efficacy 
respectively. Both LTD and LTP have been implicated in training related brain plasticity and 
for adaptation to the current environmental setting. The repeated exposure to a stimulus, 
via LTP and LTD mechanisms, may result in changes in neuronal and synaptic densities that 
can alter brain activity when assessed using functional imaging. Furthermore, such cellular 
changes could show as grey matter structural changes during a structural VBM analysis. 
Other changes might include changes in the number of axons, axon branching and 
trajectories that could alter white matter measures during a DTI analysis. This is exemplified 
in the dancers study, where long term vestibular training resulted in a reduction in 
vestibular cerebellum grey matter, which might reflect synaptic pruning or reduction in 
synaptic head-size (Ito, 1986; Zhou et al., 2004; Huttenlocher, 1979).        
Thus, initial exposure to an adapting stimulus causes short term adaptation which then with 
repeated exposure, develops into long lasting state of desensitisation (Fig. 6.1). The long 
lasting adaptation reflects a certain degree of neural rewiring in the brain, which can then 
be detected as changes in brain activity as assessed by functional imaging or changes in 
brain structure as assessed by VBM and DTI. To uncover the dynamic properties of 
adaptation related changes, longitudinal studies can be used. In longitudinal studies, one 
group of people is tested at multiple time points of experimental intervention. For example, 
imaging data would be acquired from the participants tested prior any exposure to the 
adaptation stimulus then after 1st exposure, after 2nd exposure etc. By also taking an 
assessment of a psychophysical measure (e.g. sensitivity to visual motion) at each time 
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point, the temporal and spatial patterns of adaptation in the brain could be elucidated. The 
longitudinal approach is time consuming and expensive but it will allow a detection of subtle 
changes in brain activity or structure that are related to underlying changes in functionality.     
 
 
 
 
 
 
 
 
 
 
 
6.7 Concluding remarks  
The studies conducted in the thesis further our understanding of the potential neural 
mechanisms of visual-vestibular adaptation and add to the literature of the currently 
coveted topic of training-related brain plasticity. The underlying neuronal mechanisms of 
adaptation and the time course for achieving long lasting changes needs further 
investigation. Perhaps, future longitudinal studies in healthy participants and in patients will 
uncover the dynamic temporal changes that are required for long lasting visual and 
vestibular adaptation changes. The work in this thesis has clinical implications as it provides 
evidence for the importance of long-term vestibular rehabilitation (Fig. 6.1) and suggests 
Figure 6.1 Illustration of the vestibular disorder and its common symptoms, which may be 
alleviated with long term repeated exposure to visual and vestibular stimulation.  
127 
 
points of consideration to the currently employed rehabilitation approaches. Some 
symptoms of vestibular disorders namely oscillopsia are yet to be reliably treated. However, 
the data presented in this thesis furthers the currently limited knowledge of the 
mechanisms of oscillopsia suppression and necessitates future research.  
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Appendix 1 
Motion Sickness Susceptibility Questionnaire Short-form (MSSQ-Short) 
 
1. Please State Your Age   .......... Years.  2.  Please State Your Sex (tick box) Male      Female 
                     [     ]    [     ] 
                   1           2 
 
This questionnaire is designed to find out how susceptible to motion sickness you are, and what sorts 
of motion are most effective in causing that sickness.  Sickness here means feeling queasy or 
nauseated or actually vomiting.  
 
Your CHILDHOOD Experience Only (before 12 years of age), for each of the following types of 
transport or entertainment please indicate: 
 
3.  As a CHILD (before age 12), how often you Felt Sick or Nauseated (tick boxes): 
 
 Not 
Applicable - 
Never 
Travelled 
Never 
Felt Sick 
Rarely 
Felt Sick 
Sometimes 
Felt Sick 
Frequently 
Felt Sick 
Cars       
Buses or Coaches      
Trains      
Aircraft      
Small Boats      
Ships, e.g. Channel Ferries      
Swings in playgrounds      
Roundabouts in playgrounds      
Big Dippers, Funfair Rides      
        t  0                      1                                           2                                   3 
 
Your Experience over the LAST 10 YEARS (approximately), for each of the following types of 
transport or entertainment please indicate: 
 
4.  Over the LAST 10 YEARS, how often you Felt Sick or Nauseated (tick boxes): 
 
 Not 
Applicable - 
Never 
Travelled 
Never 
Felt Sick 
Rarely 
Felt Sick 
Sometimes 
Felt Sick 
Frequently 
Felt Sick 
Cars       
Buses or Coaches      
Trains      
Aircraft      
Small Boats      
Ships, e.g. Channel Ferries      
Swings in playgrounds      
Roundabouts in playgrounds      
Big Dippers, Funfair Rides      
   t  0                   1                           2                                     3 
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Appendix 2: short term vestibular adaptation (additional study) 
As shown in Chapter 2, frequent exposure to visual-vestibular stimulation as in the case of dancers 
results in habituation of vestibular responses. However, in dancers, this process takes years and 
often dance training begins in childhood when there is a higher mode for adaptation and brain 
plasticity (Knudsen, 2004). Is there another faster way of reducing vestibular response? 
Vision is known to modulate vestibular responses, for example, VOR can be modified by fixating at a 
visual target (VOR suppression; Chapter 2). However, it has never been shown that a brief exposure 
to a visual stimulus can result in a modulation of a vestibular response even once the visual target is 
extinguished. It has been previously proposed that visual-vestibular interaction at the cortical level 
may cause top-down modulation of the VOR (Suzuki et al., 2001). This cortical interaction may be 
probed by employing a visual stimulus that is thought to be processed in the overlapping vestibular 
cortical regions. (i.e. frontoparietal areas). An example of such higher order visual stimulus is 
bistable perception. During bistable perception, visual stimuli drift in and out visual awareness. Such 
perceptual phenomenon can be achieved by applying opposing visual images to the 2 eyes. For 
example, right eye views rightward OKN motion whilst the left eye views leftward OKN motion 
causing perceptual transitions between the two motion directions; this is referred to as binocular 
motion rivalry. In this study, the effect of concurrent exposure to binocular motion rivalry and 
vestibular stimulation is investigated on the vestibular ocularmotor response measured in the dark.  
The set up was similar to one used in Chapter 4 where a reversing prism was placed over the right 
eye only in order to reverse viewed motion direction in that eye. The left eye remained prism free. 
The participants (8 in total) were subjected to a velocity step (90o/s) inside an optokinetic curtain 
(Fig. 4.1A) viewing the curtain through both eyes. This resulted in in alteration of motion percept 
(rightward to leftward and vice versa). After 20 seconds of rotation, the chair was stopped in the 
dark and a stopping VOR response was recorded (Fig. A2.1). An average of two trials in each 
direction was taken to determine the ocularmotor TC following rightward and leftward rotations. 
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It is suggested that concurrent application of motion rivalry and vestibular stimulation results in 
disruption of interhemispheric balance (Arshad et al., 2013c) with a relative inhibition of left 
hemisphere following the rightward rotation. This results in downregulation of the central velocity 
mechanism and reduction in the VOR response, possibly, via ipsilateral parietal descending 
projections to the vestibular nuclei (Ventre and Faugier-Grimaud, 1986). This is the first report that 
shows a change in vestibular response following a brief (only 20 sec) visual-vestibular interaction 
even after the visual stimulus has been removed. Moreover, it serves as an example of short-term 
vestibular adaptation to brief visual-vestibular exposure, which is in contrast to the study of long 
term exposure (Chapter 1 and 2).  
[N.B. An extension of this study with additional experiments can be found in Arshad, Nigmatullina et 
al (2013) and Dr Arshad’s thesis.]  
Figure A2.1 Experimental protocol of concurrent viewing motion rivalry during vestibular stimulation. 
After 20 seconds the chair was stopped and VOR response recorded using EOG electrodes. Trials of 
both rightward (trial 1) and leftward (trial 2) rotation were performed.   
Motion rivalry caused asymmetric VOR responses in 
the dark so that the OVR following the rightward 
rotations were reduced compared to the leftward 
rotations (p<0.001, paired t-test; Fig. Appendix 2.2). 
Without the motion rivalry stimulus, normal viewing 
produced symmetrical responses with the VOR TC in 
the region of 15 seconds (Fig. Appendix 2.2).  
 
Figure A2.2  
